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ABSTRACT 
The Preignition Oxidation Chemistry of n-Decane and n-Dodecane in a Pressurized 
Flow Reactor and Their use as Jet Fuel Surrogate Components  
Matthew S. Kurman 
Dr. Nicholas P. Cernansky and Dr. David L. Miller 
 
 
 
 The U.S. Department of Defense (DoD) Directive 4140.43 mandated the use 
of JP-8 jet fuel as the universal military fuel where applicable.  The specifications for 
JP-8 allow a broad range of thermophysical characteristics, such as chemical 
composition, distillation characteristics, and heat of combustion, which can be 
produced from multiple sources, such as petroleum and natural gas.  In the evolution 
of advanced engines, simulations are becoming preferable to testing in developing 
systems.  JP-8 is a complex fuel that contains hundreds of components, many with 
unknown chemistry, and proper simulations require resources beyond current 
computational abilities.  To reduce these requirements, the use of surrogate fuels, 
mixtures containing 1-10 components that mimic the properties and behaviors of real 
fuels, has been recognized as a feasible approach for predicting combustion behavior.  
n-Decane and n-dodecane are major surrogate components for petroleum and natural 
gas derived jet fuels and are the targets of this study. 
 Neat n-decane and n-dodecane were oxidized in a pressurized flow reactor 
over the temperature regime from 550-830 K at a pressure of 8 atm and lean 
equivalence ratios.  Samples were extracted and stable intermediates were analyzed 
utilizing a gas chromatograph with a flame ionization detector coupled to a mass 
spectrometer.  To identify the branching pathways controlling autoignition, 
intermediate species produced during the oxidation of n-decane and n-dodecane were 
 xvii
identified and quantified.  The results showed that the major species produced from n-
decane oxidation were carbon oxides, aldehydes, and alkenes.  The oxidation of n-
dodecane also produced cyclic ethers and lactones.  The experimental results were 
compared to current chemical kinetic models.  Suggested pathways for lactone 
production, which are not included in current models, are the cleavage of the peroxy 
bond in C4H7OOOH to yield dihydro-2(3H)-furanone and a hydroxyl radical, and the 
cleavage of the peroxy bond in C4H5OOOH to yield the unsaturated lactone, 2(3H)-
furanone, and hydroxyl radical. 
 Overall, the research results will aid in the development and continued 
refinement of chemical kinetic models for n-decane and n-dodecane that will be 
employed for simulating combustion characteristics of gas turbines and CI engines 
while ultimately improving such traits as fuel efficiency, emissions, and power 
output. 
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CHAPTER 1: INTRODUCTION 
 
 
 
  In the evolution of advanced engines, simulations coupling chemical kinetics 
and computational fluid dynamics are becoming preferable to testing in developing 
systems.  However, real fuels such as gasoline, jet, and diesel contain hundreds of 
components, many with unknown chemistry, and proper simulations require 
resources beyond current computational abilities.  To reduce these requirements, the 
use of surrogate fuels, mixtures containing 1-10 components that mimic the properties 
and behaviors of real fuels, has been recognized as a feasible approach for predicting 
combustion behavior. 
 
 
1.1 Motivation 
 While there are replacements for hydrocarbon fuels in many energy sectors, 
there are no candidates to replace the energy density of liquid fuels for air 
transportation and long haul freight movers.  As the world approaches the production 
maximum from petroleum reserves, there also exists a need to produce alternatively 
sourced liquid fuels, defined as fuels from non-petroleum sources.  If the raw material 
for such fuels were discovered in the U.S., their use would increase U.S. energy 
security.  Many such replacements exist: for example, a jet fuel using Fischer-
Tropsch processing of syngas (CO and H2) generated from natural gas (Muzzell et al., 
2006) or a Pennsylvania State University, University of Dayton, PARC Technical 
Services, and Wright-Patterson Air Force Base coal-derived jet fuel manufactured in 
a hydrotreating process (Balster et al., 2008).  Both fuel samples meet most U.S. 
military jet fuel JP-8 specifications and could probably be used as the international 
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commercial jet fuel, Jet A-1, and with the addition of a fuel system icing inhibitor, a 
corrosion inhibitor, and a static dissipater for JP-8 applications.    
 Though envisioned as a jet fuel, the DoD has designated JP-8 as the single 
fuel forward for all combustion engines wherever applicable (TARDEC, 2001).  This 
includes running JP-8 in compression ignition (CI) engines, where the preignition and 
autoignition chemistry at temperatures between 600 and 1000 K can play a crucial 
role.  Combustion chemistry at these temperatures is a complex process involving 
competing reaction paths and noted by phenomena such as cool flames and Negative 
Temperature Coefficient (NTC) behavior.   
 As simulations have become more integral to the design process, chemical 
kinetic models for JP-8 are needed for the design of both next generation jet and CI 
engines.  Because of its broad composition, direct development of chemical kinetic 
models for JP-8 is not possible.  Instead, utilization of appropriate surrogates, 
mixtures containing 1-10 components that mimic the properties and behavior of the 
real fuel, have been suggested as a feasible approach to developing chemical kinetic 
models (Colket et al., 2007; Colket et al., 2008).  Nevertheless, researchers have 
estimated the chemical composition of jet fuel.  Smith et al. (2007) conducted gas 
chromatography with mass spectrometry experiments to measure the major 
components of average jet fuel.  By focusing on the largest chromatographic peaks, 
Smith et al. (2007) identified 46 components that accounted for 50% of the total area 
of the chromatogram.  Major components included n-decane and n-dodecane.  
Another analysis found that the average molecular weight of jet fuel was C11H21 
(Edwards et al., 2001).  As a first approximation, Edwards et al., (2001) suggested 
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n-dodecane as a jet fuel surrogate component due to its physical properties (e.g., 
density, specific heat, viscosity, and thermal conductivity), which are similar to that 
of real jet fuel.  
 JP-8 composition specifications are based on general physical properties 
rather than specific compositions, as shown in Table 1.1, to allow its production from 
alternative feedstocks and with a variety of processing methods.  This practice leads 
to wide variations in JP-8 composition.  JP-8 derived from petroleum contains 
significant amounts of n- and iso-paraffins, mono- and dicycloparaffins, and alkylated 
aromatics.  Jet fuel produced, using natural gas as a feedstock, through the Fischer-
Tropsch process is composed entirely of n- and iso-paraffins.  
  The use of alternative sources for JP-8 rather than petroleum has these 
possible advantages: improved U.S. energy security, a wider range of feedstocks, and 
decreased emissions of SOx and particulate matter.  U.S. energy security can be 
improved with the use of resources found within the U.S.  If resources such as natural 
gas can be used to produce acceptable liquid fuels, it reduces the need to rely on 
foreign nations for petroleum.  Harmful emissions, such as SOx and particulate matter, 
are reduced from the Fischer-Tropsch fuel as is contains no sulfur or aromatic 
components. 
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Table 1.1: JP-8 specifications defined by MIL-DTL-83133E. 
 
Property Minimum Maximum 
Aromatics - 25.0% vol 
Alkenes - 5.0% vol 
Naphthalenes - 3.0% vol 
Total Sulfur - 0.30% mass 
Distillation – 10% Recovered - 205 °C 
Evaporation Point - 300 °C 
Flash Point 38 °C - 
API Gravity 37.0 51.0 
Freezing Point - -47 °C 
Heat of Combustion 42.8 MJ/kg - 
Hydrogen Content 13.4% mass - 
Fuel System Icing Inhibitor 0.10% vol 0.15% vol 
 
 
 
1.2 Research Objective 
 There were three objectives of this study.  The first was to investigate the low 
and intermediate temperature oxidation of n-decane and n-dodecane.  These two 
hydrocarbons can be used as surrogate components to study petroleum and natural 
gas derived jet fuel.  Knowing that many challenges exist with working with 
moderate/heavy molecular weight species, updating the current combustion facility to 
adequately study such hydrocarbons was the second objective.  The third was to 
identify reaction intermediates produced during the oxidation of the hydrocarbons, to 
isolate and quantify key reaction pathways, and to compare the experimental data to 
existing chemical kinetic models.  The experimental data will aid in the validation 
and continued refinement of chemical kinetic mechanisms for both hydrocarbons, 
which will be useful in designing new and improved engines. 
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1.3 Research Program 
 The experimental approach of this study was to oxidize n-decane and n-
dodecane, under lean, dilute conditions at temperatures of 550-830 K (low and 
intermediate temperature regime) and 8 atm pressure in a pressurized flow reactor.  
Samples needed to be extracted throughout the low and intermediate temperature 
range for analyses using gas chromatography and mass spectrometry to determine 
which reaction pathways are dominant.  Chapters in this thesis are based on 
conference presentations and papers, papers in preparation for journal submission, 
and papers published in peer reviewed journals.  The specific experimental steps are 
listed below:  
 (1)  Examine the intermediate species produced during the oxidation of neat n-
decane in the pressurized flow reactor facility utilizing the controlled cool down 
(CCD) methodology.  The program included:  (a) oxidizing n-decane in the 
pressurized flow reactor while extracting samples throughout the low and 
intermediate temperature regime; (b) analyzing the extracted samples utilizing gas 
chromatography and mass spectrometry; and (c) determining if the overall carbon 
balance is adequate for studying and identifying the branching pathways controlling 
auto-ignition. 
 (2)  Examine the intermediate species produced during the oxidation of neat n-
dodecane in the pressurized flow reactor facility utilizing the controlled cool down 
(CCD) methodology and elucidate how equivalence ratio impacts the intermediate 
species produced.  The program included:  (a) oxidizing n-dodecane in the 
pressurized flow reactor while extracting samples throughout the low and 
intermediate temperature regime; (b) analyzing the extracted samples utilizing gas 
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chromatography and mass spectrometry; (c) determining if the overall carbon balance 
is adequate for studying and identifying the branching pathways controlling auto-
ignition; and (d) comparing the experimental results to an existing chemical kinetic 
mechanism for n-dodecane.  
 (3)  Examine the cause of low carbon balance in low temperature n-decane 
and n-dodecane oxidation experiments in the PFR facility.  Each experiment is a 
complex process, and so studying the experiment requires examining many issues.  
The experimental method consisted of:  (a) testing the stability of samples in the 
sample storage cart, (described in Section 3.3.1.1), over the long time periods 
experienced in flow reactor studies, and (b) determining if samples extracted from the 
PFR are condensing inside the sample storage cart.  Following these steps, updating 
the facility and methodology included (a) eliminating the sample storage cart to allow 
for direct transfer of samples from the PFR to the GC, which includes determining the 
ideal temperatures for transfer lines from the PFR to the GC, and (b) identifying and 
quantifying new intermediate species with a new direct sample transfer experimental 
setup. 
 (4)  Investigate the oxidation of n-dodecane throughout the low and 
intermediate temperature regime in the PFR facility utilizing the new direct transfer 
controlled cool down (DT-CCD) methodology to ultimately aid in the continued 
refinement of chemical kinetic models for n-dodecane.  The experimental method 
consisted of: (a) oxidizing n-dodecane in the pressurized flow reactor, while 
extracting samples throughout the low and intermediate temperature regime; (b) 
analyzing the extracted samples utilizing gas chromatography and mass spectrometry 
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and comparing the DT-CCD data to the CCD data; (c) determining if the overall 
carbon balance is adequate for studying and identifying the branching pathways 
controlling auto-ignition; (d) comparing the experimental results to three existing 
chemical kinetic mechanisms for n-dodecane and determining the dominant chemical 
reactions occurring throughout the low and intermediate temperature regime; and (e) 
suggesting pathways for the production of lactones, a species not observed previously 
nor included in current chemical kinetic models. 
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW 
 
 
 
2.1 Overview  
 This chapter aims to provide an overview of the present state of our 
understanding of hydrocarbon combustion in the low and intermediate temperature 
regimes.  Additionally, this chapter describes past and ongoing combustion research 
related to n-alkanes and an alternative jet fuel.  Section 2.2 introduces details 
pertaining to the chemistry of hydrocarbon oxidation and the theory of chemical 
kinetics.  Section 2.3 discusses kinetics of small alkanes.  Section 2.4 discusses 
details of previous n-decane and n-dodecane work.  Section 2.5 discusses the 
progression of previous experiments in the pressurized flow reactor at Drexel 
University.  Section 2.6 discusses petroleum and alternative jet fuels.  Section 2.7 
presents the closure to Chapter 2.        
 
 
2.2 Hydrocarbon Oxidation 
 The oxidation of saturated, straight chain hydrocarbons is characteristically 
divided into three temperature regimes: 
 1.) Low temperature (< 650 K), 
 2.) Intermediate temperature (650-1000 K), and 
 3.) High temperature (> 1000 K). 
The temperature boundaries correspond to atmospheric pressure, and shift to higher 
temperatures with increasing pressure.  Different reaction pathways are dominant at 
different temperatures, and the pathways are controlled by the concentration of 
radical species.  At low temperatures, alkylperoxy radicals (RO2•) are dominant.  
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Hydroperoxy (HO2•) and hydroxyl (OH•) radicals control the intermediate 
temperature regime, and OH•, oxygen (O•), and hydrogen (H•) radicals dominate the 
high temperature regime.  Hydrocarbons with other structures may or may not behave 
according to this hierarchy.  Therefore, chemical composition affects reactivity 
behavior of hydrocarbons.  Each of the temperature regimes come into play in CI 
engines.   
 Modern explanations of hydrocarbon oxidation are based on the mechanism of 
free radicals proposed by Semenov (1935).  The general theory of autoignition for 
smaller n-paraffins is well-accepted based on extensive research and modeling (for 
details see, e.g., Miller et al., 2005; Law, 2006).    Figure 2.1 shows the general 
scheme for autoignition of linear and lightly branched paraffins with carbon number 3 
and higher.  Initially, hydrogen is abstracted from the parent fuel molecule RH to 
produce the R• alkyl radical.  The formation of the initial radical from the parent fuel 
molecule is known as primary initiation.  Secondary initiation occurs when a radical 
is formed from a stable species other than the parent fuel molecule.  Oxygen addition 
to the alkyl radical via a collision with an inert third body, M, will produce the 
alkylperoxy radical RO2•.  The alkylperoxy radical has a number of different possible 
reaction pathways (e.g., decomposition to produce alkoxy radicals, RO•, and 
aldehydes, RCHO; reversible isomerization to produce an alkylhydroperoxy radical, 
Q•OOH; and reaction with a fuel molecule to produce an alkyl radical, R•).  The 
reaction of RO2• with a fuel molecule yields one alkyl radical, R•, and 
alkylhydroperoxide, ROOH.  Reactions that convert one radical into another radical 
are known as chain propagation reactions.  If the temperature is high enough, the 
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alkylhydroperoxy may decompose by beta scission, b, to produce an alkene, a 
carbonyl, and a hydroxyl, or react with O2 to produce a dihydroperoxide.  Beta 
scission reactions occur when a carbon-carbon or carbon-hydrogen bond of a 
molecule is broken at the second bond site from the radical site.  The dihydroperoxide 
may decompose to produce a ketohydroperoxide and a hydroxyl.  Further 
decomposition will produce another hydroxyl, a carbonyl, and an aldehyde.  If the 
temperature increases to approximately 850 K, the intermediate temperature region 
reactions will become important, and the alkyl radical can react with O2 to produce a 
hydroperoxy radical, HO2•, and an alkene.  The HO2• may abstract an H-atom from 
the parent fuel molecule producing hydrogen peroxide. Decomposition of hydrogen 
peroxide, when the temperature is high enough, produces 2 hydroxyls.  The 
conversion of 1 radical into 2 radicals is called a chain branching pathway.  
Hydroxyls react with parent fuel molecules to produce alkyl radicals and H2O.  
Reactions which reduce the number of radicals in the system are called termination 
reactions.   
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Figure 2.1: Branching pathways of hydrocarbon oxidation at low and 
intermediate temperatures. Based on extensive experimental and modeling 
research of linear and lightly branched paraffins of C3 – C8 by many groups. 
  
 
 
 Clearly, hydrocarbon oxidation chemistry that occurs in the low and 
intermediate temperature regime is a complex process that involves numerous 
competing reactions.  To add to the complexity, as the molecular weight of the 
hydrocarbon increases, the number of possible intermediate species produced from 
the different reaction pathways at these temperatures also increases.  To further 
improve and expand chemical kinetic models, gas chromatography and mass 
spectroscopy can be utilized to identify and quantify intermediate species produced 
and to classify which reaction pathways are dominant.  Overall, studying the complex 
process involving combustion chemistry and improving the chemical kinetic models 
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of hydrocarbons can lead to desirable results such as optimized fuel economy, power 
output, fuel flexibility, and emissions.           
 
2.3 Studies of Small Alkanes 
 Alkanes represent the most abundant chemical class found in JP-8 jet fuel 
(Edwards et al., 2001).  This section is a brief report of selected work dealing with 
alkanes lighter than n-decane.  Propane has been previously studied with the 
pressurized flow reactor (Koert et al., 1994).  Propane was oxidized between 600-
900 K, with lean equivalence ratio of 0.4, and elevated pressure of 10 and 15 atm.  
Low temperature reactivity, as a measure of CO production, occurred during 680-
770 K.  Maximum production of several species produced during the oxidation 
occurred at approximately 720 K.  CO was the major species that was produced with 
a peak production at 780 K.  Propane was also studied in a jet stirred flow reactor 
with temperatures of 900-1200 K, pressures ranging from 1-10 atm, and a wide range 
of equivalence ratios (Dagaut et al., 1987).  There has been rapid compression 
machine work with n-butane between 700-900 K, a wide range of equivalence ratios 
from 0.8-1.2, and elevated pressures from 9-11 bar (Minetti et al., 1994).  Products of 
combustion were also measure with the use of a gas chromatograph coupled to a mass 
spectrometer.  Results identified 3 different distinct reactivity temperature zones.  The 
temperature zone between 700-760 K had two-stage ignition characteristics such as 
pressure buildup and light emission from a cool flame.  The 760-850 K temperature 
zone had a increase in total delay time with increasing temperature to signify the 
negative temperature coefficient regime.  From 850 K and higher, ignition occurs in 
one stage and the delay time decreases.  Major carbon containing species that were 
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identified and quantified throughout zones included 1-butene, methanol, carbon 
monoxide, 2-butene, and ethene.  A noticeable similarity between each of the 
products with respect to two-stage ignition was observed (Minetti et al., 1994).   
 Since it is a primary reference fuel for gasoline, iso-octane (2,2,4-trimethyl-
pentane) has received considerable attention.  A modeling study by Curran et al. 
(2002) reviewed experimental data over the temperatures 550-1700 K and pressures 
1-45 atm and developed an iso-octane model.  The kinetic model for iso-octane has 
been modified and updated (Tanaka et al., 2003b; He et al., 2005; Jia et al., 2006; 
Chaos et al., 2007) as new data have become available.  Neat iso-octane has 
previously been investigated in the PFR (Lenhert, 2004a).  The PFR was operated 
under the controlled cool down methodology, (described in Section 3.3.1), with 8 atm 
pressure, an equivalence ratio of 1.0, a residence time of 250 ms, and over the 
temperature range of 600 to 765 K.  The start of the NTC regime was at 665 K with a 
peak production of approximately 250 ppm CO and 350 ppm CO2.  The major alkene 
intermediate that was produced during the oxidation process was 2-methyl-1-propene 
with a peak production of approximately 175 ppm at 670 K.  The major aldehyde 
identified was formaldehyde with a peak production of approximately 300 ppm at 
670 K.  A comprehensive review of alkanes used in jet fuel surrogates was reported 
(Colket et al., 2007; Colket et al., 2008). 
 
2.4 Studies of n-Decane and n-Dodecane 
 n-Decane and n-dodecane are moderate/high molecular weight linear alkanes 
that may be used as a surrogate component for natural gas and petroleum derived jet 
fuels.  There are relatively few detailed and validated chemical reaction mechanisms 
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available which include low temperature reaction pathways at elevated pressures for 
either of these hydrocarbons.  Several studies have focused on modeling n-decane and 
n-dodecane at the low and intermediate temperature regimes.  The development of 
models at lower temperatures requires additional speciation data to determine the 
dominant reaction paths. 
 The oxidation of n-decane at low and intermediate temperatures has been 
experimentally studied by Dagaut et al. (1994) for stoichiometric n-decane in a jet-
stirred reactor at 550-1150 K temperature, 10 atm pressure, and 1 s residence time.  A 
model was developed and focused on the production of cyclic ethers at low 
temperatures.  However, the model’s ability to transition from low and intermediate 
to high temperatures was poor and it was concluded that increasing the importance of 
peroxy radicals was necessary.   
 A reaction mechanism with 600 reactions and 67 species based on flat-flame 
burner experiments predicted the NTC behavior of n-decane seen in the transition 
from low and intermediate to high temperatures (Bikas et al., 2001).  However, when 
this model was applied to recent data, it did not predict the measurements very well 
(Zhao et al., 2005).  Zhao et al. (2005) developed a n-decane model based on laminar 
flame speeds.  The model development did not include intermediate species 
measurements which would potentially improve the results of the model.  Overall, 
these n-decane models perform reasonably well at high temperatures but do not 
capture the relevant low and intermediate temperature behavior. 
 The low and intermediate temperature oxidation of n-dodecane has been 
previously studied in a pressurized flow reactor (Lenhert, 2004b).  Controlled cool 
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down and constant inlet temperature experiments were conducted.  Samples of 
intermediate species were extracted during the experiments.  n-Dodecane exhibited 
NTC behavior, based on CO production, throughout 700-800 K.  The primary species 
that were identified and quantified were CO, CO2, and low molecular weight alkenes 
and aldehydes.  However, no cyclic ethers, aldehydes, or ketones preserving the 
carbon number of n-dodecane, C12, were observed.  A carbon balance, accounting for 
how much carbon is in the system, base on the positively identified intermediate 
species ranged from 40-75%. 
 Experiments were conducted that measured intermediates species from JP-8 
surrogate doped methane and ethene counterflow diffusion flames (Tosatto et al., 
2009; Bufferand et al., 2009).  Temperatures in the flame ranged from 400-2000 K. 
The surrogate included 30% n-dodecane, its largest component by molar fraction.  
Major intermediates included light alkenes and alkanes.  However, carbon balances 
were as low as 22% from Bufferand et al. (2009) and as low as 30% from 
Tosatto et al. (2009).  The low temperature oxidation of n-dodecane was studied in 
constant volume and flow reactors, with mass spectrometry analysis identifying a 
number of peroxide species (Blin-Simiand et al., 2001). 
   Experimental work at low and intermediate temperatures is scarce for most 
hydrocarbons.  For large hydrocarbons such as n-dodecane, the number of possible 
intermediate species produced from the different pathways at low temperatures 
increases, adding complexity to the task.  There are still significant unknowns in low 
temperature kinetic models: reaction pathways, intermediate species, and reaction 
rates.  For example, quantum chemical calculations showed that the 
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peroxyalkylhydroperoxy radical may lead to various stable cyclic conformations not 
previously included in models (Sharma et al., 2009).  To improve kinetic models 
further, high-quality data quantifying the combustion of n-dodecane at low and 
intermediate temperatures is needed. 
 Several studies have focused on high temperature chemistry of n-dodecane 
oxidation, with studies on the ignition and extinction characteristics of n-dodecane 
flames.  Experiments were conducted with the use of a counter-flow configuration.  
Flames were established by counter flowing a heated fuel/N2 jet against an ambient 
temperature O2 jet.  The results showed that fuels with higher carbon number, such as 
n-dodecane, were less resistant to flame extinction than hydrocarbons with lower 
carbon number (Holley et al., 2007).  Another study using the counter flow twin 
flame technique to study n-dodecane/O2/N2 mixtures was conducted.  Laminar flame 
speeds were measured with this method.  Results showed that n-dodecane/O2/N2 
mixtures exhibited lower laminar flame speeds than n-decane (Kumar et al., 2007). 
 Several researchers have focused on developing models for a wide range of 
n-alkanes including n-decane and n-dodecane.  A unified model for high molecular 
weight alkanes simulated autoignition delay times (Buda et al., 2005).  Validation 
experiments were conducted in shock tubes and rapid compression machines.  Ranzi 
et al. (2005) conducted a wide range kinetic modeling study of the partial oxidation 
and combustion of n-alkanes up to C16.  The mechanism included lumping techniques 
to simplify the model without losing chemical detail and was experimentally 
validated over a broad range of experimental conditions.  Sirjean et al. (2009) 
generated a detailed chemical kinetic reaction model used for modeling pyrolysis and 
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oxidation of n-alkanes up to C12 at high temperatures.  The model contains 1459 
reactions and 194 species.  Validation tests were conducted with laminar flame speed 
measurements, ignition delay times and species profiles with shock tubes, and species 
concentration profiles with jet stirred and flow reactors.  Westbrook et al. (2009) 
developed comprehensive detailed chemical kinetic reaction mechanisms for 
combustion of n-alkanes from C8-C16.  These mechanisms include both high 
temperature and low temperature reaction pathways.  The reaction mechanisms 
contain 3878 reactions with 940 species for n-decane and 5030 reactions with 1282 
species for n-dodecane.  Validation of the mechanism utilized experimental data from 
shock tube ignition, rapid compression machine ignition, jet-stirred reactors, flow 
reactors, and laminar flame experiments.         
 
2.5 Progression of Previous Studies in the PFR 
 The pressurized flow reactor facility at Drexel University has been used to 
study the chemistry of hydrocarbons since its design and construction in 1992 (Koert, 
1990; Koert et al., 1992).  The first hydrocarbon studied in the facility was propane 
(Koert et al., 1994).  The oxidation of propane (C3H8) in O2/N2 mixtures was studied 
at 600-900 K temperatures, 10 and 15 atm pressure, and 0.4 equivalence ratio.  The 
samples were stored in a heated oven at 70-80 °C to prevent polymerization of 
formaldehyde.  Species separation, identification, and quantification were then 
conducted with gas chromatography / flame ionization detection (GC/FID).  The 
“Propane” column in Table 2.1 lists the species identified and measured by class.  
The major products, along with CO and CO2, were propene (C3H6), formaldehyde 
(CH2O), acetaldehyde (C2H4O), n-butane (C4H10), ethene (C2H4), and methanol 
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(CH4O).  Other products quantified at lower concentrations were propanal (C3H6O), 
acetone (C3H6O), 2-propenal (C3H4O), and propylene oxide (C3H6O).  The 
quantification of these 12 species plus the parent fuel led to carbon balances of 
approximately 85%. 
 Progressing to higher carbon number fuels, 1-pentene (C5H10) was studied in 
the PFR at 600-800 K temperatures, 6 atm pressure, and 0.4 equivalence ratio (Prabu 
et al., 1996).  For intermediate speciation, gas chromatography / Fourier transform 
infrared (GC/FTIR) detection was used.  Along with CO and CO2 from an NDIR 
analyzer, the intermediates from the GC/FTIR were acetaldehyde, acetic acid 
(C2H4O2), acetone, 2-propenal, 1,3-butadiene (C4H6), butene isomers (C4H8), butanal 
(C4H8O), cis-1,4-pentadiene (C5H8), ethene, formaldehyde, formic acid (CH2O2), 
methane (CH4), 2-methyltetrahydrofuran (C5H10O), methyl vinyl ketone (C4H6O), 
2,4-pentadione (C5H8O2), propene, propanal, trans-1,4-pentadiene (C5H8), and water.  
The “1-Pentene” column in Table 2.1 lists these measured species by class.  From 
these 20 species plus the fuel, carbon balances of 95% and greater were achieved 
(Prabu, 1997).   
 In a separate study, another C5 species, neo-pentane (C5H12), was studied in 
the PFR at 620-810 K temperatures, 8 atm pressure, and 0.3 equivalence ratio (Wang 
et al., 1999)  From GC/FTIR and NDIR analysis, major intermediates were iso-butene 
(C5H10), 3,3-dimethyloxetane (C5H10O), formaldehyde, acetone, methacrolein 
(C4H6O), CO, CO2, and water.  Table 2.1 lists the measured species from these 
experiments by class.  Carbon balances were greater than 91% (Wang, 1999). 
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Table 2.1: Species identified from PFR experiments since 1990, 
organized by class. 
 
Class Propane 1-Pentene neo-Pentane n-Heptane n-Dodecane, 
with storage 
cart 
n-Dodecane,  
with Direct Transfer 
Carbon oxides carbon 
monoxide; 
carbon dioxide 
carbon 
monoxide; 
carbon dioxide 
carbon 
monoxide; 
carbon dioxide 
carbon 
monoxide; 
carbon dioxide 
carbon 
monoxide; 
carbon dioxide 
carbon monoxide; 
carbon dioxide 
Alkanes propane; 
n-butane 
methane neo-pentane methane; 
n-heptane 
n-dodecane n-dodecane 
Alkenes ethene; 
propene 
ethene; 
propene; 
butene 
isomers; 
1-pentene 
iso-butene ethene; 
propene; 
1-butene; 
1-pentene; 
1-hexene;      
1-, 2-, 3-, and 
trans-3-
heptenes 
ethene; 
propene; 
1-butene; 
1-pentene; 
1-hexene; 
1-heptene; 
1-octene; 
1-nonene; 
decene;            
5-dodecene; 
6-dodecene 
ethene; propene;           
1- and 2-butenes;          
1- and 2-pentenes;        
1- and cis-2-hexenes; 
1-heptene; 1-octene; 
1-nonene; 1-decene;         
3-, trans-3-, and 
(Z)-2-dodecenes;              
2-methyl-
1-pentadecene 
Alkynes      3-hexyne; 2-butyne; 
2-methyl-1-buten-3-yne 
Dienes  1,3-butadiene; 
cis-1,4-
pentadiene; 
trans-1,4-
pentadiene 
   1,3-pentadiene;           
1,4-pentadiene 
Cycloalkenes      cyclopentene 
Alcohols methanol     1-ethylcyclohexanol; 
trans-2-decenol; ethanol 
Aldehydes formaldehyde; 
acetaldehyde; 
propanal; 
2-propenal 
formaldehyde; 
acetaldehyde; 
propanal; 
2-propenal; 
butanal 
formaldehyde; 
methacrolein 
formaldehyde; 
acetaldehyde; 
propanal; 
2-propenal; 
butanal; 
pentanal 
propanal; 
butanal; 
pentanal; 
hexanal; 
heptanal 
Formaldehyde; 
acetaldehyde; propanal; 
2-propenal; butanal; 
2-butenal; pentanal; 
2-methyl-2-pentenal; 
trans-2-pentenal; 
hexanal; 2-hexenal; 
heptanal;                 
trans-2-heptenal;  
octanal; nonanal;     
trans-2-nonenal;     
trans-2-decenal 
Ketones acetone acetone; 
methyl vinyl 
ketone 
acetone ethenone; 
2-pentanone; 
2-propanone; 
2-butanone; 
3-buten-2-one; 
3-pentanone; 
2-hexanone 
methyl vinyl 
ketone; 
2-nonanone; 
2-decanone; 
5,6,7,7-
tetramethyl-
octa-3,5-dien-
2-one;  
2,4,4,7-
tetramethyl-
octa,-5,7-dien-
3-one 
methyl vinyl ketone; 
2-butanone;  
ethyl vinyl ketone;  
2-pentanone;  
propyl vinyl ketone; 
2-hexanone;  
2-octanone;  
2-, 3- and 4-nonanones; 
2-decanone; 
3-dodecanone; 
1-hydroxy-2-
propanone;  
3- and 4-penten-2-ones; 
3-methyl-4-penten-2-
one;  
4-methyl-3-hexanone; 
2-cyclopenten-1-one; 
1-hepten-3-one;  
1-octen-3-one; 1-decen-
3-one;  
5,6,7,7-tetramethyl-
octa-3,5-dien-2-one;  
2,4,4,7-tetramethyl-
octa-5,7-dien-3-one;  
6-(5-methyl-furan-2-
yl)-hexan-2-one;  
2-methyl-5-undecanone 
Diones  2,4-pentadione    3,3-dimethyl-2,4-
pentane dione;  
2,3-butanedione;  
5,8-tridecadione;  
2,5-heptadecadione;  
2,5-octanedione 
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Carboxylic 
acids 
 formic and 
acetic acids 
formic acid   acetic, butanoic, 
pentanoic, undecanoic, 
1-hydroxy-
cyclohexanecarboxylic;  
3-hydroxy-dodecanoic 
acids 
Epoxides propylene 
oxide 
    butyl-, pentyl- and 
dodecyl-oxiranes; 
ethylene oxide 
Oxetanes (O)   3,3-dimethyl-O 2-butyl-O;  
2-methyl-4-
propyl-O;  
2-ethyl-4-
ethyl-O 
  
Tetra-
hydrofurans 
(THF) 
 2-methyl-THF  2-methyl-THF;  
2-ethyl-THF; 
2-propyl-THF;  
2-methyl-5-
ethyl-THF 
 2-methyl-THF;  
2,5-dimethyl-THF;  
2-propyl-THF;  
2-ethyl-5-methyl-THF; 
2-butyl-THF; 
 2,5-dipropyl-THF;  
2-propyl-5-isopentyl-
THF;  
2-methyl-5-pentyl-
THF; 2-hexyl-THF 
Tetra-
hydropyrans 
    tetrahydro-
pyran-Z10-
dodecenoate 
tetrahydropyran 
Furans (F)     2-ethyl-5-
methyl-F 
2-methyl-F; 2-ethyl-F; 
2-methyltetrahydro-2-
furanol 
Lactones     dihydro-2(3H)-
furanone; 
dihydro-5-
methyl-2(3H)-
furanone; 
dihydro-5-
ethyl-2(3H)-
furanone; 
dihydro-5-
pentyl-2(3H)-
furanone 
5-butyldihydro-2(3H)-
furanone;  
5-methyl-2(3H)-
furanone;  
dihydro-2(3H)-
furanone;  
5-methyl-2(5H)-
furanone;  
dihydro-5-methyl-
2(3H)-furanone;  
5-ethyldihydro-2(3H)-
furanone;  
dihydro-5-propyl-
2(3H)-furanone;  
dihydro-5-pentyl-
2(3H)-furanone;  
5-heptyldihydro-2(3H)-
furanone;  
3-tetrahydropyranone 
Non-cyclic 
ethers 
     methyl vinyl ether; 
ethyl-1-propenyl ether 
Non-cyclic 
esters 
     methyl formate 
Dioxins      2,3-dihydro-1,4-dioxin 
Other species  water water  molecular 
oxygen 
water; molecular 
oxygen; molecular 
nitrogen 
 
 
 
 The gasoline primary reference fuel n-heptane (C7H16) was oxidized in the 
PFR at 600-800 K temperatures, 8 atm pressure, and 0.5 equivalence ratio (Lenhert et 
al., 2009).  A chemical analytical setup utilizing gas chromatography / mass 
spectrometry / flame ionization detection (GC/MS/FID) was used for intermediate 
speciation.  The MS provided a more powerful method of identification, as the mass 
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spectra were compared to the NIST 2.0 database of 147,198 spectra.  Nevertheless, 
only 30 of the 60 peaks observed in the chromatograms were positively identified and 
quantified.  The carbon balance was as low as 60%, and it was estimated that the five 
largest unidentified peaks, suspected to be large oxygenates, would improve the 
balance to 80%.  The major species represent a much wider range of hydrocarbon 
composition classes.  For example, from 1469 ppm n-heptane, 2-methyl-5-ethyl-
tetrahydrofuran (C7H14O) was measured with concentrations up to160 ppm (at 
740 K), compared to up to 115 ppm ethene (at 720 K).  2-methyl-5-ethyl-
Tetrahydrofuran is a cyclic ether; the tetrahydrofuran portion is a ring of four 
saturated carbon atoms and an oxygen atom.  This shows a dramatic shift in the 
classes of major intermediates produced from fuels, as the carbon number of the 
parent fuel is larger and closer to real transportation fuels.  Cyclic ethers are included 
in detailed kinetic models such as the Lawrence Livermore National Laboratory 
model for n-heptane (Curran et al., 1998), but experimentally collecting and detecting 
such species presents new challenges.  As for the other fuels, Table 2.1 lists all the 
measured species by class. 
 Recently, n-dodecane (C12H26) was oxidized in the PFR at 600-835 K 
temperatures, 8 atm pressure, and equivalence ratios of 0.23-0.88 (Kurman et al., 
2009).  27 intermediates were identified and quantified from the GC/MS/FID, as well 
as CO and CO2 from the NDIR analyzer and O2 from the electrochemical oxygen 
cell.  Unlike the n-heptane experiments, no tetrahydrofuran species were identified in 
the n-dodecane experiment.  Nevertheless, a wide range of intermediates were 
identified – alkenes: ethene, propene, 1-butene, 1-pentene, 1-hexene (C6H12), 
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1-heptene (C7H14), 1-octene (C8H16), 1-nonene (C9H18), 1-decene (C10H20), 5-
dodecene (C12H24), and 6-dodecene, aldehydes: propanal, butanal, pentanal (C5H10O), 
hexanal (C6H12O), and heptanal (C7H14O), ketones: 2-nonanone (C9H18O) and 2-
decanone (C10H20O), ketone-substituted iso-dienes: 5,6,7,7-tetramethyl-octa-3,5-dien-
2-one (C12H20O) and 2,4,4,7-tetramethyl-octa-5,7-dien-2-one, an enone: methyl vinyl 
ketone (C4H6O), cyclic esters: dihydro-2(3H)-furanone (C4H6O2), dihydro-5-methyl-
2(3H)-furanone (C5H8O2), dihydro-5-ethyl-2(3H)-furanone (C6H10O2), and dihydro-
5-pentyl-2(3H)-furanone (C9H16O2), a furan: 2-ethyl-5-methyl-furan (C7H10O), and 
an ester-substituted cyclic ether: tetrahydropyran-Z10-dodecenoate (C17H30O3).  
Table 2.1 lists all the species by class.  The carbon balance was 50% on average, and 
as low as 23%.  The oxygen balance ranged from 82-97%. 
 
2.6 Studies of Petroleum and Alternative Jet Fuel 
 This section will discuss petroleum derived JP-8 and an alternative to 
petroleum derived jet fuel.  Both jet fuel samples were acquired from Wright-
Patterson Air Force Base (WPAFB).  The first fuel that will be discussed is petroleum 
JP-8, POSF 3773, manufactured from a conventional refining process.  The second 
fuel that will be discussed is a Fischer-Tropsch jet fuel, POSF 4734, derived from 
natural gas.  Table 2.2 shows the fuel analysis provided with the samples. 
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Table 2.2: Comparison of selected properties of the jet fuel samples. 
 
Jet Fuel Sample Petroleum  
POSF 3773 
F-T natural gas  
POSF 4734 
Aromatics 15.9% vol 0.0% vol 
Alkenes 0.7% vol - 
Cetane Index 45.8 - 
API Gravity 44.6 55.3 
Heat of Combustion 43.3 MJ/kg 44.1 MJ/kg 
Hydrogen Content 13.9% mass 15.3% mass 
Fuel System Icing Inhibitor 0.07% vol - 
Total Sulfur 0.07% mass 0.00% mass 
IBP Distillation 150°C 153°C 
10% Distillation 170°C 169°C 
20% Distillation 176°C 176°C 
50% Distillation 196°C 201°C 
90% Distillation 237°C 249°C 
EP Distillation 256°C 271°C 
 
 
2.6.1 Petroleum JP-8 
 Petroleum JP-8 is derived from the distillate fuel fraction in a conventional 
refining process and is used as the standard fuel for the United States Air Force 
aviation power systems.  Fractional distillation utilizes crude oil, which contains 
many hydrocarbons with different molecular masses, to produce various petroleum 
based products.  The distillation process includes heating the crude oil and then 
directing it to a fractionation column where the oil is separated based on boiling 
points.  Three main fractions are produced from the distillation process: the naphtha 
fraction (125-160°C boiling range) consists mainly of lighter hydrocarbons which are 
used as gasoline products; the middle distillate kerosene fraction (160-250°C boiling 
range) consists of hydrocarbons which are processed to kerosene and jet fuels; and 
heavy residuum distillate fraction (250-350°C boiling range) which is processed to 
manufacture diesel and heating oils (Speight, 2006).  As with most real fuels, JP-8 
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contains many different classes of hydrocarbons, including n-alkanes, and the broad 
physical parameter based specifications allow a wide variability in chemical 
composition.   
 The petroleum JP-8 sample used in this study is designated by WPAFB as 
POSF 3773.    As with other JP-8 fuels, POSF 3773 contains linear and branched 
alkanes, cyclo-alkanes, aromatics, and alkenes as shown in Table 2.3 (Holley et al., 
2007).  Holley at al. (2007) compared POSF 3773 to a “world survey average” 
blended sample of JP-8, US commercial jet fuel (Jet A), US Navy jet fuel (JP-5), and 
Russian jet fuel (TS-1), and POSF 3773 was shown to represent a typical composition 
of the jet fuels.  Natelson et al. (2008) showed that POSF 3773 represented typical 
low temperature reactivity behavior of three JP-8 samples.  Therefore, this sample of 
petroleum derived JP-8, POSF 3773, was selected as the “typical” sample. 
 
 
Table 2.3: Composition of petroleum JP-8, POSF 3773. 
  
Class Composition (%) 
Paraffins (n- and i-) 57.2 
Cycloparaffins 17.4 
Dicycloparaffins 6.1 
Tricycloparaffins 0.6 
Alkylbenzenes 13.5 
Indans/tetralins 3.4 
Indenes <0.2 
Napthalene <0.2 
Napthalenes 1.7 
Acenaphthenes <0.2 
Acenaphthylenes <0.2 
Tricylic aromatics <0.2 
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2.6.2 Fischer-Tropsch Jet Fuel 
 The chemical composition of Fischer-Tropsch jet fuel differs greatly from that 
of petroleum-derived JP-8.  Our sample, designated by Wright-Patterson Air Force 
Base as POSF 4734, is called S-8 by its manufacturer, Syntroleum ®, and is 
composed entirely of alkanes as shown in Table 2.4 (Shafer et al., 2006).  This fuel is 
manufactured using natural gas as the feedstock to produce a syngas of CO and H2.  
The syngas is then converted to liquid hydrocarbons by utilizing the Fischer-Tropsch 
process.  Further analysis has been conducted to determine the major components of 
S-8 (Bruno et al., 2006).  Table 2.5 shows the components identified utilizing gas 
chromatography/mass spectrometry.  Each component had a peak chromatographic 
area count greater than 1% of the total raw total ion chromatogram (TIC) area.  The 
major species identified, with an area count greater than 2%, were n-dodecane, n-
undecane, and 4-methyloctane.  Note that the fuel contains a mixture of linear and 
lightly branched alkanes from C9 to C15. 
 
Table 2.4: Composition of 
Fischer-Tropsch Jet Fuel, 
POSF 4734. 
Table 2.5: Components in Fischer-Tropsch 
Jet Fuel, POSF 4734. 
Class % Components > 1% 
Alkanes 99.7 2,5-dimethylheptane 2,6-dimethyldecane 
Monocycloalkanes <0.2 4-methyloctane 4-ethyldecane 
Dicycloalkanes 0.3 3-methyloctane 5-methylundecane 
Tricycloalkanes <0.2 n-nonane 2-methylundecane 
Alkylbenzenes <0.2 4-methylnonane 3-methylundecane 
Indans/tetralins <0.2 3-methylnonane n-dodecane 
Naphthalenes <0.2 n-decane x,y-dimethylundecane 
Substituted naphthalenes <0.2 2,5-dimethylnonane 2,4-dimethylundecane 
  5-methyldecane 2-methyldodecane 
  4-methyldecane n-tridecane 
  2-methyldecane n-tetradecane 
  3-methyldecane n-pentadecane 
  n-undecane  
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2.6.3 Blends of Alternative and Petroleum Jet Fuel 
 There are issues with operating power systems with 100 % alternative fuel.  
Fischer-Tropsch jet fuel, or any other fuel without aromatics, causes the seals in 
current power systems to shrink and fail (DeWitt et al., 2008).  However, 50/50 blend 
of Fischer-Tropsch jet fuel with petroleum JP-8 doesn’t produce this problem and 
satisfies the military’s requirements for a fuel to be identified as JP-8.  If the 
concentration of Fischer-Tropsch jet fuel is increased to more than 50 %, the specific 
gravity is below the acceptable range for JP-8.   
 Corporan et al. (2007) developed and studied mixtures of Fischer-Tropsch 
with petroleum JP-8 in engine experiments.  A T63 turboshaft engine and an 
atmospheric swirl-stabilized research combustor were used to investigate emission 
characteristics of traditional petroleum derived JP-8, natural gas derived Fischer-
Tropsch jet fuel, and blends of the petroleum and Fischer-Tropsch jet fuel.  A wide 
range of temperatures and equivalence ratios were tested.  The analysis revealed a 
notable reduction in particulate matter with the use of the Fischer-Tropsch/petroleum 
JP-8 blend on both the turboshaft engine and research combustor.  Also, with the use 
of the Fischer-Tropsch/petroleum JP-8 blend, reductions of over 50 % of particulate 
mass and a reduction in smoke number with the engine tests were observed.  
Polycyclic aromatic hydrocarbon (PAH) species were not detected in the soot 
samples collected with blends of more than 50 % Fischer-Tropsch jet fuel.  
Additional benefits include a reduction in SOx levels, as a result of the sulfur free 
characteristic of synthetic jet fuel addition to the blend, and no measurable fuel usage 
difference or negative engine performance were observed.  (Corporan et al., 2007). 
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2.7 Closure 
 This chapter presented an overview and review of ongoing combustion 
research and modeling efforts related to n-alkanes, petroleum JP-8, and an alternative 
natural gas derived jet fuel in the low and intermediate temperature regimes.  The 
oxidation of hydrocarbons in these temperature regimes is not a combustion process 
that only produces CO2 and H2O.  Many intermediate reactions are occurring.  As the 
molecular weight of the hydrocarbon increases, more intermediate species are 
produced.  To predict the combustion behavior of these hydrocarbons, chemical 
kinetic models have been developed.  The models can predict a wide range of 
combustion characteristics such as laminar flame speeds, ignition delay times, and 
species concentration profiles.   
 The origins of petroleum JP-8 and Fischer-Tropsch natural gas derived jet fuel 
were also discussed.  Petroleum derived JP-8 is derived from the distillate fuel 
fraction in a conventional crude oil refining process whereas the natural gas jet fuel is 
manufactured from non-petroleum based feedstocks.  Producing liquid jet fuels from 
different sources and processing methods leads to differences in chemical 
composition.  To meet the current specifications of a fuel to be identified as JP-8, 
blends of alternative fuel with petroleum derived JP-8 need to be utilized. 
 As shown in Table 2.5, real hydrocarbon fuels contain many components (the 
list of 25 species only contains species with molar percentages greater than 1%) and 
chemical compositions that vary.  Therefore, a high priority objective of several 
research groups is to develop surrogates for the real fuels to aid in experimental and 
modeling studies.  The surrogates typically contain 1-10 components whose 
combustion characteristics are known.  The selection of surrogate components and 
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their proportions are based on matching physical and chemical targets for the 
particular application.  A key target for reciprocating engine applications is 
auto-ignition which depends on low and intermediate temperature reactivity.  To 
improve chemical kinetic models further, high-quality data quantifying the 
combustion at low and intermediate temperatures is needed. 
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CHAPTER 3: EXPERIMENTAL FACILITY 
 
 
 
 3.1 Introduction 
 The preignition oxidation of surrogate fuel components for jet fuel was 
studied with the aid of a pressurized flow reactor (PFR) and an analytical chemistry 
lab, consisting of a gas chromatograph (GC) with a flame ionization detector (FID) 
coupled to a mass spectrometer (MS).  Section 3.2 describes the pressurized flow 
reactor facility, which was used extensively throughout the course of this research.  
The PFR was operated using either a controlled cool down (CCD) or a newly 
developed direct transfer controlled cool down (DT-CCD) methodology.  The CCD 
consists of heating the flow reactor and allowing it to cool at a controlled rate while 
samples are collected at selected reactor temperatures and stored in a sample storage 
cart for later analysis using the analytical facility.  The DT-CCD methodology 
consists of heating the PFR to the desired sample temperature and extracting a sample 
for direct injection from the PFR into the GC/MS/FID quickly and without the use of 
a sample storage system.  Both the CCD and the newly developed DT-CCD are 
described in Section 3.3.  More detail about the DT-CCD facility and methodology 
can be found in Chapter 6.  Section 3.4 describes the analytical chemistry lab which 
includes a gas chromatograph and mass spectrometer that was used to analyze the 
collected species.  The methods used for quantification and calibration of the 
intermediate species are described in Section 3.5.  A closure to this chapter is 
presented in Section 3.6. 
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3.2 Pressurized Flow Reactor Facility 
 The PFR, shown in Fig. 3.1 in a CCD configuration, is designed to study 
combustion chemistry with relative isolation from fluid mechanics and temperature 
gradients (Koert et al., 1992).  The PFR can safely reach temperatures up to 850 K.  
The PFR is designed to withstand pressures up to 20 atm, however, during this study, 
8 atm was the maximum experimental pressure.  The key operational feature of the 
PFR is a quartz reactor tube within a pressure vessel.  The inside of the reactor tube 
and the annulus between it and the pressure vessel are maintained at the same 
pressure, which is controlled by a pressure regulating valve.  Synthetic air, composed 
of nitrogen (purity = 99.9%) and oxygen (purity = 99.994%), is heated to the reaction 
temperature.  A high pressure syringe pump (Isco 500D) injects the liquid fuel into 
the centerline of a heated nitrogen stream to ensure vaporization.  The synthetic air 
and the prevaporized fuel/nitrogen mixture are rapidly mixed (< 1.5 ms) in an 
opposed jet annular mixing nozzle at the entrance of the quartz reactor tube.  A water-
cooled, borosilicate glass-lined stainless steel probe extracts samples from the 
centerline of the quartz reactor tube and quenches the chemical reactions.  A type-K 
thermocouple is also integrated into the probe assembly to measure the sample 
temperature.  To limit temperature rise due to heat release, nitrogen is added to the 
fuel.  The nitrogen dilution of the fuel is defined by, 
 
                            
OxygenNitrogen
OxygenOxygenNitrogen
QQ
QQQ
Dilution +
−+= 76.4%    ,                          (1) 
where NitrogenQ  and OxygenQ  are the total volumetric flow rate of nitrogen and oxygen.   
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Temperature rise is monitored by comparing inlet and sample temperatures.  For the 
present experiments, the temperature rise due to heat release varied from 11 K at 
maximum reactivity to 0 K at no reactivity.  To minimize heat loss and to maintain 
near isothermal conditions of the PFR, the walls of the pressure vessel are insulated 
and the reactor is heated with eight 800 W independently controlled bead heaters.  
 Although the CCD setup, utilizing a heated sample storage cart to store the 
samples from the reactor and inject them into the analytical chemistry facility 
produced successful results in studying lighter hydrocarbons, recent experiments 
studying n-decane and n-dodecane yielded low carbon balances.  This was attributed 
to difficulties in storing gas-phase parent fuel reaction intermediates.  Thus, the 
storage cart was replaced with a direct injection connection, and a new methodology 
was developed to inject each sample into the analytical chemistry facility.      
 
 
3.3 Pressurized Flow Reactor Methodologies  
 The PFR was operated with two different types of methodologies.  Section 
3.3.1 describes the controlled cool down (CCD) methodology, which utilizes a 
sample storage system.  Section 3.3.2 briefly describes the direct transfer controlled 
cool down (DT-CCD) methodology.  As this methodology consisted of a major 
facility upgrade, more details can be found in Chapter 6. 
 
3.3.1 Controlled Cool Down (CCD) Experimental Methodology  
 A CCD experiment is performed by heating the reactor with the 10 kW and 
3 kW air circulation heaters, and the eight 800 W bead heaters to the desired 
temperature for the study, and maintaining constant pressure and residence time.  
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Once the temperature is reached, the heaters are turned off, and the reactor cools at a 
rate of 2-5 K/min.  The probe position is adjusted to maintain a constant residence 
time as the temperature changes.  As the reactor cools, the extracted gas sample 
flowed through a heated (493 K) sample line to an Ultramat 23, which contains a 
nondispersive infrared (NDIR) analyzer for carbon monoxide (CO) and carbon 
dioxide (CO2) measurements and an electrochemical cell for oxygen (O2) 
measurements and to a sample storage cart for later offline analysis.  The CCD 
operating procedure can be found in Appendix A.  Details of the Ultramat 23 can be 
found in Appendix D.1.  Once the samples are collected in the storage cart, they are 
transferred to the GC/MS/FID facility for analysis.  At these low experimental 
temperatures, CO has been shown to be a good indicator of reactivity; CO does not 
oxidize to CO2 significantly and separate pathways produce the species (Wilk et al., 
1989).  The start of NTC occurs at the temperature of maximum CO production.  
Table 3.1 shows the typical operating conditions for an experiment in the PFR.  
Figure 3.1 shows a schematic of the PFR facility using a CCD methodology.      
 
Table 3.1: Typical experimental operating conditions of the PFR. 
 
Temperature Range 550-830 K
Pressure 8 atm 
Equivalence Ratio 0.30 
Residence Time 120 ms 
N2 Dilution in Fuel 80.0% 
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Figure 3.1: Schematic of the PFR identifying key components using a CCD 
methodology. 
 
 
3.3.1.1 Sample Storage System Used During CCD Experimental Methodology 
 The sample storage system consists of a cart mounted convection oven which 
contains a 16 position electronically controlled multi-position valve with 16 10-mL 
stainless steel sample storage loops.  The oven was maintained at a temperature of 
190 °C during experiments and placed in the sample train before the CO/CO2/O2 
detector.  Fifteen sample loops were used for sample storage purposes and the other 
loop was needed to switch from sample collection to sample analysis mode.   
 When connected to the PFR via the heated transfer line, set to 190 °C, sample 
gas continuously flowed through a 10 mL sample loop, then to the CO/CO2/O2 
detector, then exited to an exhaust vent.  The on/off valve A, as shown in Figure 3.2, 
is in the open position for sample to flow to the CO/CO2/O2 detector during sample 
collection mode.  The sample was continuously monitored for CO, CO2, and O2.  
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When a sample needs to be collected, the step button on the electronic actuator was 
pressed and the multi-position valve switched to the next 10 mL sample storage loop.  
Each press of the actuator positioned the sample line to an empty loop in which a 
sample was collected and stored.  The remote electronic actuator displayed the 
position number of the sample loop being filled.  This process was continued until 15 
samples were collected in 15 different sample storage loops. 
 Once all of the sample storage loops were filled, the on/off valve A on the 
sample storage cart was closed.  The storage cart was then disconnected from the 
flow reactor and the end of the storage cart that was connected to the flow reactor was 
sealed.  The storage cart was then disconnected from the CO/CO2/O2 detector.  Once 
disconnected, the sample storage cart was moved to the analytical lab to be connected 
to the GC/MS/FID system.  Once connected to the GC/MS/FID system, the on/off 
valve 1 is opened and a vacuum line from the GC valve oven evacuates the transfer 
line.  After the transfer line is evacuated, the vacuum is turned off.  To remove a 
sample from the sample storage cart, the step button on the remote electronic actuator 
is pressed, and a 10 mL sample loop opens to allow the sample gas to exit through the 
opened on/off valve A.  The sample then enters the GC valve oven.  Figure 3.3 is a 
schematic of the sample collection system in sample analysis mode.  Details of the 
injection process and the GC valve oven are presented in Section 3.4. 
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Figure 3.2: Schematic of the heated sample storage system cart in sample 
collection mode. 
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Figure 3.3: Schematic of the heated sample storage system cart in sample 
analysis mode. 
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3.3.2 Direct Transfer Controlled Cool Down (DT-CCD) Experimental 
Methodology 
 The DT-CCD methodology follows the same heating procedure as the CCD 
methodology.  Once the PFR is heated to the desired initial temperature, a sample is 
extracted and is directed to the GC/MS/FID system for analysis.  During the analysis, 
the 10 kW, 3 kW, and the bead heaters are adjusted by lowering the set-point to reach 
the next desired sample collection temperature.  This process is repeated until all 
desired samples are extracted and analyzed.  The DT-CCD operating procedure can 
be found in Appendix A.  Figure 3.4 shows a schematic of the PFR facility using a 
DT-CCD methodology.  As mentioned, a more detailed discussion of this 
methodology and other facility upgrades can be found in Chapter 6. 
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Figure 3.4: Schematic of the PFR identifying key components using a DT-CCD 
methodology. 
 
 
 
 37
3.4 Trace GC Gas Chromatograph and Trace DSQ Mass Spectrometer 
 The stable intermediates were analyzed using a Thermo Finnigan TraceGC 
gas chromatograph with flame ionization detection (GC/FID) and the gas 
chromatograph coupled to the Thermo Finnigan TraceDSQ mass spectrometer 
(GC/MS).  For separation of the species, a Supelco Petrocol DH column (100 m 
length, 0.5 µm film thickness, 0.25 mm OD) was used.  To provide sufficient 
separation of lighter hydrocarbons, the initial column oven temperature was sub-
ambient.  Identification was determined both by analyzing the retention time and the 
mass spectrum of the sample gases.  The unknown mass spectra were then compared 
to the NIST Version 2.0 spectrum database for identification purposes.  Figure 3.5 
shows a typical programmed GC temperature profile.  Table 3.2 shows typical MS 
operating parameters.  Elution times for species identified with these operating 
parameters can be found in Appendix B.  
 
 
 
Figure 3.5: Programmed GC temperature profile. 
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Table 3.2: MS operating parameters. 
 
Parameter Set Point 
Ion Source Temperature 200 °C 
Scan Range 10-250 amu/z
Scan Rate 500 amu/sec 
Multiplier Voltage 1812 V 
Ionization Mode Electron 
Electron Energy -70 eV 
Emission Current 100 µA 
Chromatographic Filter 4 sec 
 
 
 
 During a CCD experiment the samples from the sample cart were transferred 
to the GC/MS/FID system via a heated 1/8’’ stainless steel transfer line.  The line was 
heated with a bead heater controlled with a Variac to 190 °C.  The line was connected 
to the heated GC valve oven.  Details of the revised connection of the GC/MS/FID 
system to the PFR and operating techniques during a DT-CCD experiment can be 
found in Chapter 6.  The oven contains 4-port and 6-port multi-position valves 
electronically controlled by the GC.  The 4-port and 6-port multi-position valves were 
both used to properly sequence the evacuation of the sample loop and to inject a 
sample using helium carrier gas.  The 6-port valve allows switching the column flow 
through the 1 mL sample loop to begin the analysis.  The temperature of the GC valve 
oven was controlled with the key pad on the GC and was set to 190 °C.  The 4-port 
and 6-port multi-position valves have on/off positions that were sequenced by the 
GC, either the key pad or the software.  Figures 3.6-3.10 shows the programmed GC 
valve sequence necessary for analyzing a sample.  Figure 3.6 shows both the 4-port 
and 6-port multi-position valves in the off position.  Prior to injecting a gas phase 
sample into the GC, the 1 mL sample loop was evacuated to ensure no contamination 
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from the previous sample is present.  With the 4-port and 6-port multi-position valves 
in these positions, on/off valve 1 closed, on/off valve 2 open, and the metering valve 
open, a vacuum was created inside the 1 mL sample storage loop.  The pressure 
inside the 1 mL sample loop can reach 1 Torr with the aid of the vacuum pump.  
Once vacuum was achieved, the step button on the remote electronic actuator 
controller was pressed and on/off valve 1 was opened to allow sample to flush out the 
loop.  After a few seconds of flushing, on/off valve 3, the metering valve, and on/off 
valve 1, were closed.  With these valves closed, the sample was stored in the 1 mL 
sample loop ready to be injected.  However, it was necessary to always inject at the 
same pressure and temperature to make certain the total mass of the sample is 
constant.  For this study, the sample pressure was set to 570 Torr.  To achieve this 
injection pressure, it was necessary to open on/off valve 3 and the metering valve to 
vent any excess pressure.  The pressure was monitored by a Setra pressure transducer.  
This position is labeled prep run and is shown in Fig. 3.6.  The sample injection 
position is shown in Fig. 3.7.  The 6-port valve was turned to the on position, at 0.00 
minutes, and the sample was transferred to the injector and GC oven by the helium 
carrier gas.  At 3.00 minutes into the GC program, both the 4-port and 6-port multi-
position valves were turned to the off position as shown in Fig. 3.8.  In this position, 
helium carrier gas is continuing to flow through the 1 mL sample loop to transfer the 
sample through the column of the GC.  At 4.00 minutes, the 4-port valve was turned 
to the on position and the on/off valve 2 is opened.  This position allows evacuation 
of the 1 mL sample loop as shown in Fig. 3.9.  Figure 3.10 shows the positions of the 
4-port and 6-port multi-position valves at the end of a GC programmed run.  Both the 
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4-port and 6-port multi-position valves return to the off position and are ready to 
accept the next injection.  
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Figure 3.6: 4-port and 6-port valves in the off position, prep run. 
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Figure 3.7: GC valves in the sample injection position with the 6-port valve on 
and the 4-port valve off. 
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Figure 3.8: 4-port and 6-port valves off in the sample injection position. 
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Figure 3.9: Position of GC valves at 4.00 minutes with the 6-port valve off and 
the 4-port valve on. 
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 Figure 3.10: Off position of the 4-port and 6-port valves at end of program.  
 
 
 
3.5 Quantification and Calibration of Species 
 For quantification using the FID, the FID response for smaller gas-phase 
hydrocarbons was calibrated using commercial gas-phase standards at 15, 100, and 
1000 ppm available from Scott Specialty Gases.  A linear calibration curve was 
established and used for quantification of the unknown species.   
 To analyze higher molecular weight intermediate species in the GC/MS/FID, 
the liquid phase intermediates, available from AccuStandard, had to be vaporized for 
comparison to gas phase species produced from reactions occurring in the PFR.  
Vaporization is achieved by injecting the species into a heated vaporization chamber.    
A detailed description of the vaporization chamber can be found in previous studies 
(Agosta, 2002; Lenhert, 2004a).  The vaporization chamber was initially used 
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throughout the course of this research to provide calibration standards.  However, the 
vaporization chamber method was time consuming and the uncertainty and 
repeatability of calibration curves, especially for oxygenated species, was poor.   
        A new technique was developed to establish linear calibration curves for species 
which combined the method that Lenhert (2004b) used with FID response 
characteristics that Schofield (2008) describes.  Equation 2 shows the relation to 
calculate the concentration [ ]unkppm  of the unknown.  Correction factors were derived 
for FID response signals that account for differences in carbon, hydrogen, and oxygen 
numbers between different molecules of similar structures.  For example, if the 
unknown species that needs to be quantified is butanal (C4H8O), the effective FID 
carbon number, due to the oxygen atom, is 3.  The oxygen atom attached by a double 
bond effectively reduces the carbon number of butanal.  Therefore, when trying to 
calculate the concentration [ ]unkppm , as shown in Equation 2, the unkC#  is 3.  In 
addition, the calibration sample is chosen to closely match the chemical structure of 
the unknown species, as shown in Figure 3.11.  For butanal, 1-pentene was used.  
1-Pentene was injected into the GC/MS/FID system in 15, 100, and 1000 ppm 
concentrations for analysis.  A linear calibration curve was established based on the 
FID area response.  The slope of the line, calm , was 9280, and the y intercept, calb , 
was 0.  With the mentioned values, the concentration of butanal can be calculated.  
This technique was used extensively throughout the course of this research for 
quantification of species with the FID. 
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m
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 Where, 
unkFID = FID response area of unknown [ ]unkppm = parts per million of unknown 
calb = y intercept of calibration curve 
calm = slope of calibration curve 
calC# = number of carbon in the calibration sample 
unkC# = number of carbon in the unknown sample 
calH# = number of hydrogen in the calibration sample 
unkH# = number of hydrogen in the unknown sample     
 
 
 
butanal 
 
1-pentene 
  
Figure 3.11: Chemical structure of butanal and 1-pentene. 
  
 
3.6 Closure 
 This chapter described the experimental facility used to study the preignition 
oxidation chemistry of hydrocarbons.  The main components of the experimental 
facility include the PFR and the analytical chemistry equipment.  The analytical 
equipment includes the GC/MS/FID system and CO/CO2/O2 detector which were 
used to detect species produced during the oxidation process.  This chapter also 
discussed the CCD and DT-CCD methodologies used throughout the course of this 
research.      
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CHAPTER 4: THE OXIDATION OF N-DECANE WITH THE CCD 
METHODOLOGY 
 
 
 
4.1 Introduction 
 The purpose of this phase of the study was to examine the intermediate 
species produced during the low and intermediate temperature oxidation of neat 
n-decane in the pressurized flow reactor facility, in order to identify the branching 
pathways controlling autoignition.  Section 4.2 discusses the experimental conditions 
and Section 4.3 presents the results of the analysis.  The closure of this chapter is 
presented in Section 4.4.   
 As mentioned in Chapter 2, n-decane was selected as a component 
representing the linear alkanes of Fischer-Tropsch jet fuel because it is one of the 
more common moderate/high molecular weight alkanes, and it approximates the 
average chemical formula for JP-8, C11H21.  n-Decane and iso-octane are potential 
surrogate components for the natural gas-derived Fischer-Tropsch jet fuel, which is 
almost entirely n- and iso-paraffins.  Previous experiments were conducted and found 
that a mixture of 53.1% n-decane/46.9% iso-octane matched the reactivity, based on 
CO production, of natural gas-derived Fischer-Tropsch jet fuel throughout the low 
and intermediate temperature regime (Kurman, 2009).  n-Decane is a major 
component of the fuel; iso-octane is not because the branched paraffins found in the 
JP-8 are heavier and less branched (Bruno et al., 2006).  However, while there are 
n-decane models available at the time of this phase of the study (Lindstedt et al., 
2000; Bikas et al., 2001; Zhao et al., 2005; Ranzi et al., 2007; Westbrook et al., 
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2009), more experimental data are needed for understanding and advancing the low 
and intermediate temperature chemical kinetics. 
 
4.2 Experimental Conditions 
 For the PFR experiments, the controlled cool down methodology as described 
in Section 3.3.1, was followed.  During the CCD experiments, samples were stored in 
the heated sample storage cart for offline analysis, as described in Section 3.3.1.1, 
with the gas chromatograph with a flame ionization detector and coupled to the mass 
spectrometer.   
 
 
4.3 Results and Discussion 
 n-Decane was oxidized in the PFR to analyze intermediate species produced 
and to identify branching pathways.  Neat n-decane was more reactive in the low and 
intermediate temperature regime, based on CO production, than Fischer-Tropsch jet 
fuel and the 53.1% n-decane/46.9% iso-octane mixture, as shown in Fig. 4.1.  
n-Decane produced a maximum CO concentration of approximately 1800 ppm, while 
Fischer-Tropsch jet fuel and the 53.1% n-decane/46.9% iso-octane mixture were half 
as reactive.   
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Figure 4.1: Reactivity of n-decane, Fischer-Tropsch jet fuel, and n-decane/iso-
octane blend based on CO production. 
 
 
 
 The n-decane reactivity map in Fig. 4.2 shows the CO and CO2 production 
and the sample extraction points for the off-line analysis.  CO was produced at 
significant levels at temperatures as low as 615 K.  The maximum CO production was 
approximately 1800 ppm at 700 K.  Additionally, a negative temperature coefficient 
(NTC) region is observed from 700-800 K.  Reactivity ceased at approximately 
795 K. 
 
 48
0
200
400
600
800
1000
1200
1400
1600
1800
2000
600 650 700 750 800
Temperature (K)
M
ol
ar
 F
ra
ct
io
n 
(p
pm
)
CO CO2 Sample Extraction Point
 
 
Figure 4.2: CO and CO2 production during n-decane oxidation. 
 
 
 
The collected samples were analyzed using the GC/MS/FID techniques described in 
Chapter 3.  Figure 4.3 is the flame ionization detector chromatogram for the sample 
extracted at 700 K.  Each sharp symmetrical peak is a component that was in the 
sample.  Several major intermediate species were positively identified.  Table 4.1 lists 
the species and their associated elution times.  The aldehydes were propanal, butanal, 
pentanal, hexanal, and heptanal.  Formaldehyde is to be expected as a major 
intermediate.  However, condensation occurred during the sampling process which 
prevented identification of formaldehyde.  The alkenes included ethene, propene, 1-
butene, 1-pentene, and 1-hexene.  The major alkane was n-decane.  Two decene 
isomers, 5-decene and 4-decene, were also identified.  Additionally, 2-butanone and 
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2-pentanone and several cyclic ethers were identified.  Figure 4.4 shows the chemical 
structure of species that were produced during the oxidation of n-decane. 
 
 
Table 4.1: Species identified by GC/MS/FID in n-decane oxidation samples. 
 
Species Elution time (min)
Ethene 9.89 
Propene 11.02 
Butene 13.67 
Propanal 16.76 
1-Pentene 17.18 
Butanal 19.88 
2-Butanone 20.13 
1-Hexene 20.33 
2-Pentanone 22.51 
Pentanal 22.70 
Hexanal 25.25 
Heptanal 27.78 
5-Decene 30.55 
4-Decene 30.62 
n-Decane 30.77 
 
 
 
 
 
Figure 4.3: Chromatogram of the 700 K n-decane oxidation sample. 
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Figure 4.4: Chemical structure of the identified species during n-decane 
oxidation. 
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Figure 4.5: Molar fraction profile of n-decane. 
 
 
 
 The mole fraction of n-decane during the experiment is shown in Fig. 4.5.  
The molar fraction is at its maximum, 1035 ppm, at the start of the experiment, 
approximately 800 K.  The minimum is roughly 100 ppm at 690 K.  Around this 
minimum, the CO production is greatest.  This temperature represents the maximum 
n-decane consumption.  The results of the fuel conversion and carbon balance are 
presented in Fig. 4.6.  At approximately 700 K, 90% of n-decane is converted into 
other species.  Near 600 K and 800 K, the conversion is at its minimum.  This agrees 
with the CO production being minimum near 600 K and 800 K, and maximum near 
700 K, as shown in Fig. 4.2.  However, at approximately the maximum fuel 
conversion, the carbon balance is minimum.  The low carbon balance is due to the 
inability to quantify all of the intermediate species.  Several species were positively 
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identified, but not quantified because of the lack of standards at the time of the 
experiment.  These species included 2-butanone, 2-pentanone, and C10H20O isomers 
that were cyclic ethers such as tetrahydrofuran with substituted methyl groups.  
Additionally, formaldehyde is to be expected as a major intermediate. 
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Figure 4.6: Fuel conversion and carbon balance profiles. 
 
 
 
 With moderate and high molecular weight hydrocarbon fuels, identifying and 
quantifying the large carbon number intermediates is a difficult problem that 
generally leads to low carbon balances.  The observation of low carbon balance 
resulted in a major PFR facility upgrade to examine moderate and high molecular 
weight species.  Details of the upgrade are found in Chapter 6. 
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 The concentration of the alkene intermediates increased at the start of the 
NTC region.  Ethene was the major alkene that was produced during the oxidation of 
n-decane, Fig. 4.7.  The maximum production was approximately 120 ppm at 730 K.  
The increased production of alkenes as CO production decreased in the NTC region 
agrees with results from prior n-decane experiments (Dagaut et al., 1994). 
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Figure 4.7: Production profiles of major alkenes. 
 
 
 
A pathway presented in the model by Bikas and Peters (2001) may explain the 
abundance of ethene.  Following the general path of low and intermediate 
temperature hydrocarbon oxidation, O2 addition to a decyl radical produces the 
alkylperoxy radical C10H21O2 (RO2).  This reaction may reverse, but if it proceeds, 
one path is C10H21O2 isomerization to form the QOOH radical.  This C10H21O2 (as the 
 54
isomer QOOH) may further react via O2 addition to form the dihydroperoxide 
C10H21O4 (OOQOOH).  This is the pathway to produce C10H21O4 in Bikas and Peters 
(2001).  They further argue that the ketohydroperoxide C10H20O3 is then formed by 
Reaction 1, (R1), 
 C10H21O4 Æ C10H20O3 + OH.                                           (R1) 
 
Figure 4.8 presents a plot of the rate constant for Reaction 1, (R1), utilizing the 
suggested pre-exponential factor and activation energy.  The reaction is active well 
before 700 K.  Reaction 2, (R2), is the global reaction proposed to consume 
C10H20O3,   
 C10H20O3 Æ CH2O + 3C2H4 + C2H5 + OH + CO.                          (R2) 
 
 
At 700 K, the rate constant for R1 is 50 times more than R2.  R2 produces three 
ethene molecules.  Figure 4.8 shows that R2 appears to turn on at temperatures 
around 700 K.  Further work is necessary to explore the importance of this branching 
pathway for n-decane. 
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Figure 4.8: Rate constants of reactions 1 and 2 using model of 
Bikas and Peters (2001). 
 
 
 
 Since gas phase standards for the aldehydes are unavailable, gas phase 
calibration standards were created from liquid samples.  As described in Section 3.5, 
the vaporization chamber was used to quantify the intermediate species.  Because of 
the difficulties inherent in working with the aldehyde species, there were uncertainties 
involved in generating the calibration curves for each component.  However, the 
general trend of the aldehyde concentration profiles can be shown, Fig. 4.9.  Propanal 
had the maximum concentration production of approximately 100 ppm. 
 Figure 4.10 shows the quantification results of 4-decene and 5-decene, 
grouped together.  According to Bikas and Peters (2001), an alternative pathway for 
C10H21O2, is decomposition into a decene isomer and a hydroperoxy radical.  The 
production of the decenes increased after 700 K which is in agreement with the 
increased production of alkenes after 700 K.  This shows further possible evidence 
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that alkylperoxy radical pathways become more important at temperatures around 
700 K and greater. 
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Figure 4.9: Production profiles of major aldehydes. 
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Figure 4.10: Production profile of decenes. 
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4.4 Closure 
 This chapter presented detailed experimental results, including intermediate 
species identification and quantification, from the oxidation of neat n-decane 
throughout the low and intermediate temperature regime in the PFR.  During the PFR 
experiments, samples were extracted at selected temperatures for GC/MS/FID 
analysis.  Identifying the branching pathways is useful for the improvement and 
advancement of the chemical mechanism for n-decane.   
 n-Decane was selected as a component of Fischer-Tropsch jet fuel surrogate 
because it is one of the more common high molecular weight alkanes, and it 
approximates the average chemical formula for petroleum JP-8.  The major 
intermediate species that were identified included components of the functional 
groups aldehydes and alkenes.  Additionally, 2-butanone and 2-pentanone and several 
cyclic ethers were also positively identified. 
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CHAPTER 5: THE OXIDATION OF N-DODECANE OVER A RANGE OF 
LEAN EQUIVALENCE RATIOS WITH THE CCD METHODOLOGY 
 
 
5.1 Introduction 
 This chapter explores four experiments describing the oxidation of 
n-dodecane in the pressurized flow reactor utilizing the controlled cool down 
methodology.  Each experiment was conducted at a different equivalence ratio 
ranging from 0.23-0.88.  The focus of this particular phase of the study was to acquire 
reproducible reactivity mapping data from the oxidation of n-dodecane throughout the 
low and intermediate temperature regime, to extract samples during the oxidation 
process in order to identify and quantify the intermediate species produced, and to 
compare the experimental data to an existing chemical kinetic model.  Section 5.2 
discusses the experimental conditions.  The details of the model are presented in 
Section 5.3.  Section 5.4 discusses the results of the experiments.  A closure to this 
chapter is presented in Section 5.5.    
 
5.2 Experimental Conditions 
 For each of the PFR experiments, the controlled cool down methodology, as 
described in Section 3.3.1, was followed.  During the CCD experiments, samples 
were extracted and stored in the heated sample storage cart for offline analysis, as 
described in Section 3.3.1.1, with the gas chromatograph with a flame ionization 
detector and coupled to the mass spectrometer.  Operating conditions and 
reproducibility for this phase of the study are shown in Table 5.1.  The motivation 
behind investigating different equivalence ratios is to provide data over a wide set of 
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operating conditions to aid in the development and validation of chemical kinetic 
models. 
 
Table 5.1: Operating conditions and reproducibility of the PFR CCD 
experiments.   
 
Experiment Low 
Phi 
Moderate 
Phi #1 
Moderate
Phi #2 
High 
Phi 
Reproducibility, 
+/- 
Equivalence 
Ratio φ 
0.23 0.64 0.75 0.88 0.05 
Temperature, K 600-
850 
600-
850 
600- 
850 
600- 
850 
1 
Pressure, atm 8.000 8.000 8.000 8.000 0.025 
Residence 
Time, ms 
120 120 120 120 10 
O2, ppm 42000 37700 37500 35200 1250 
N2, ppm 957500 961000 961000 963100 1300 
n-Dodecane, 
ppm 
519 1297 1529 1667 50 
 
 
 
5.3 Details of Model Conditions  
 For comparison to the experiments, modeling was conducted with the 
Politecnico di Milano (Milano) semi-detailed kinetic model, which contains 310 
species, 8011 reactions, and associated thermodynamics file (Ranzi et al., 2007).  The 
model’s mechanism represents partial oxidation, pyrolysis, and combustion of 
hydrocarbon fuels up to C16 and includes the temperature range of 600-850 K (Ranzi 
et al., 2005).  The model was exercised with Chemkin 4.1 using the plug flow reactor 
package under isothermal conditions (Kee et al., 2006).  The initial conditions 
simulated Moderate Phi operating conditions.  Initial conditions of the model are 
identified in Table 5.2.  In the presentation of experimental data, model predictions 
are shown for the carbon oxides, parent fuel, and molecular oxygen.  Model results 
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for other intermediates are not shown because many of the intermediates identified 
experimentally are not included in the model and the lumping procedure of the model 
skews the results to certain intermediates. 
 
 
Table 5.2: Initial conditions for the model simulations. 
 
Parameter  
Equivalence Ratio φ 0.74 
Temperature, K 600-850 
Pressure, atm 8.000 
Residence Time, ms 120 
O2 molar fraction, ppm 37600 
N2 molar fraction, ppm 960900 
n-Dodecane, ppm 1500 
 
 
 
5.4 Results and Discussion 
 Four experiments oxidizing n-dodecane in the PFR were conducted.  
Quantification of the carbon oxides and molecular oxygen, which were measured by 
online analysis, are presented first in Figs. 5.1-5.3, along with a comparison to the 
modeling results.  Some discussion comparing the experimental results among the 
different equivalence ratios, and between the experimental and modeling results, is 
included.  The offline analysis results for the quantification of hydrocarbons and 
oxygenates are then presented, along with a comparison to the modeling results for 
n-dodecane consumption and a discussion of possible reaction pathways.  The results 
show that n-dodecane exhibits low temperature behavior generally consistent with 
smaller linear alkanes and JP-8. 
 The CO and CO2 reactivity maps of the n-dodecane experiments and the 
associated modeling predictions are shown in Figs. 5.1 and 5.2, respectively.  The 
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characteristic NTC behavior is identifiable.  At 600 K, the lowest temperature in the 
experiments, all experiments exhibited significant reactivity (>150 ppm CO).  CO 
production then increased with increasing temperature until the start of the NTC 
region.  The NTC start for the Low Phi experiment was at 695 K, where 
2180 ppm CO was produced.  Moderate Phi #1 and #2 both had NTC start at 704 K, 
producing 3580 ppm CO and 3470 ppm CO, respectively.  High Phi had NTC start at 
701 K, producing 3650 ppm CO.  The Low Phi experiment compared to the Moderate 
and High Phi experiments, exhibits lower heat release, which reduces self-heating, 
and thus lowering the NTC start.  After NTC start, CO production decreased with 
increasing temperature.  The decrease in reactivity is caused by changes in the 
reaction pathways that reduce chain branching via hydroxyl.  Significant reactivity 
was observed at the maximum temperature of this study, 850 K.  The modeling 
results for CO show similar behavior with the Moderate Phi experiments; however, 
the maximum CO production is shifted 20 K lower in temperature and the model does 
not adequately predict CO production within 600-625 K. 
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Figure 5.1: Reactivity map for CO, experimental (E) and modeling (M). 
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Figure 5.2: Reactivity map for CO2, experimental (E) and modeling (M). 
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Figure 5.3: Molecular oxygen: experimental (E) and modeling (M). 
 
 
 
 The molecular oxygen levels for the experiments are shown in Fig. 5.3.  The 
temperature at which the minimum O2 molar fraction occurs, agrees with the 
temperature at which the maximum CO reactivity occurs, at approximately 690 K.  
Compared to the Moderate Phi experiments, the model over-predicted the O2 
concentration. 
 The carbon oxides and molecular oxygen are stable, structurally simple 
species that are detected online, reducing the possibility that sampling and storage 
produce further reaction.  The quality of the data can be considered relatively high.  
However, the hydrocarbons and oxygenated species are more complex and are 
detected offline, creating potential problems that can make accurate identification and 
quantification difficult.  In discussing the quantification results from the GC/MS/FID 
offline analysis, the carbon and oxygen balances for the present experiments must be 
noted and kept in mind.  The balances are a measure of the percentage of atoms 
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accounted for in the products as a function of the inlet conditions.  In the Low Phi 
experiment, the carbon balance ranged from 50-120%, with the balance increasing as 
temperature increased.  The oxygen balance ranged from 89-97%.  In the Moderate 
Phi experiments, the carbon balance ranged from 28-56% and the oxygen balance 82-
94%.  In the High Phi experiment, the carbon balance was 23-53% and the oxygen 
balance was 83-97%.  When interpreting the results, two possibilities must be 
considered.  For one, some identified species may have been produced in higher 
quantities, but a portion of the species condensed in the storage system before 
analysis.  Alternatively, some identified species may have been formed during the 
storage time.  Another possibility is that species were never identified.  Therefore, the 
relative rates of competing reaction pathways cannot be absolutely determined.  
Given that carbon balances for fuels up through C10 species are typically above 90% 
in past PFR CCD experiments, this highlights the experimental difficulties associated 
with testing higher molecular weight fuels.  Given these facts, the experimental 
results presented in this chapter clearly do not provide the complete description of 
low temperature n-dodecane combustion, but they do provide a good start.  
Obviously, achieving an acceptable carbon balance will be required to generate the 
data necessary to fully understand n-dodecane reaction chemistry. 
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Figure 5.4: Molar fraction profile of n-dodecane, experimental (E) and modeling 
(M). 
 
 
 
 The molar fraction profiles of the parent fuel, n-dodecane, are shown in Fig. 
5.4.  Each experimental data point in Fig. 5.4 represents the temperature at which a 
sample was extracted for analysis with GC/MS/FID.  The modeling results agree well 
with the maximum fuel consumption at approximately 680 K, however, they 
underpredict fuel consumption over the NTC regime.  The model predicted no 
reactivity before 615 K and a rapid fuel consumption from approximately 615-625 K.  
Experimentally, reactivity was observed within the temperature range of 615-625 K 
with the presence of CO and CO2, as described above. 
 Figures 5.5-5.7 show the experimental molar fraction profiles of the alkenes 
produced during the oxidation of n-dodecane.  In general, alkenes are produced from 
β-scission of R&  and OOHQ& radicals, and from O2 addition to alkyl radicals.  All of 
the experiments show similar behavior with the majority of the alkenes being 
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produced between 680-825 K.  After CO and CO2, ethene is the most abundant 
species.  In general, as carbon number of the alkene increases, measured molar 
fraction decreases.  As expected, the Low Phi experiment produced the smallest 
amount of alkenes, since the parent fuel was in a lower concentration.  Also, at 
temperatures of 805-820 K, a decrease in the production of alkenes is observed during 
the Low Phi experiment.  In the other experiments, alkene production increased above 
800 K.  At this point, O2 consumption is very low, suggesting that above 800 K, the 
pathway for alkene production via β-scission of alkyl radicals is likely.  Two 
dodecene isomers, 5-dodecene and 6-dodecene, were identified but were lumped 
together for quantification and presentation due to overlapping of the GC peaks which 
made separation of the isomers difficult.  The lumped dodecene data are presented in 
Fig. 5.7b.  For each experiment, the general trend is similar with an increase in the 
production of dodecenes starting at approximately 700 K.  At the higher temperatures, 
a possible pathway for dodecene production is molecular oxygen addition to the 
dodecyl radical, producing dodecene and a hydroperoxy radical.  This is the only 
pathway for producing the conjugate alkene of the parent fuel in some kinetic models 
(Battin-Leclerc, 2008) such as the Lawrence Livermore National Laboratory model 
for n-heptane oxidation (Curran et al., 1998).  The observation that only 1-alkene 
isomers are identified for alkenes lighter than C12, while several different isomers of 
dodecene are identified, supports the suggestion that different pathways produce the 
differently sized alkenes. 
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Figure 5.5: Measured molar fraction profiles of C2-C5 alkenes. 
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Figure 5.6: Measured molar fraction profiles of C6-C9 alkenes. 
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Figure 5.7: Measured molar fraction profiles of C10 and lumped C12 alkenes. 
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 The high concentration of ethene suggests a large concentration of 1-alkyl 
radicals that underwent β-scission.  In this reaction, the carbon-carbon bond between 
the first and second carbon away from the hydrogen abstraction site is broken.  Such a 
reaction produces ethene and another 1-alkyl radical.  The general reaction pathway is 
included in Fig. 2.1.  A specific example is shown in Fig. 5.8, where 1-hexyl radical 
undergoes β-scission to yield 1-butyl radical and ethene.  The origin of the 1-hexyl 
radical is any of at least 5 pathways for alkyl radical production shown in Fig. 2.1.  Of 
course, a similar pathway could produce ethene from 1-alkyl radicals with carbon 
numbers ranging from 3 to 12. 
 
 
 
 
Figure 5.8: Representative reaction pathway for ethene production. 
 
 
 
 Figure 5.9 shows the quantification of the aldehydes.  In general, aldehydes 
are produced from the decomposition of OROOH , β-scission of OOHQ& , and 
destruction of 2OR & .  As the carbon number of the aldehyde increases, the measured 
molar fraction decreases.  If the aldehydes are largely produced from the 
decomposition of the ketohydroperoxide, then this observation of a higher 
concentration of lighter aldehydes suggests that the ketohydroperoxide tends to 
decompose closer to the primary carbons at the ends of the molecule. Then, a 
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complimentary alkanoyl radical with a relatively high carbon number would also be 
produced.  For example, the production of propanal would accompany a nonanoyl 
radical.  If carbon monoxide then splits from the nonanoyl radical, an octyl radical is 
produced.  Nevertheless, it would be expected that lighter aldehydes, acetaldehyde 
and formaldehyde, are also produced, but they were not identified; they may have 
polymerized in cold spots during the sampling process.  1,3,5-Trioxane, which can be 
polymerized from formaldehyde, was identified with the MS.  However, 
quantification was not achievable with the FID due to the three oxygen atoms of 
1,3,5-trioxane neutralizing the FID signal from its three carbon atoms. 
 A specific example for the production of propanal is shown in Fig. 5.10.  The 
pathway is included in Fig. 2.1.  n-Dodecane undergoes hydrogen abstraction, 
followed by molecular oxygen addition, isomerization, a second molecular oxygen 
addition, isomerization, and decomposition.  The final products of this reaction 
pathway are two hydroxyl radicals, a nonanoyl radical, and propanal.  Of course, 
similar pathways could produce other aldehydes and alkanoyl radicals.  In addition, 
the isomerizations shown are simple representations, while more complex reactions 
may also occur. 
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Figure 5.9: Measured molar fraction profiles of C3-C7 aldehydes. 
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Figure 5.10: Representative reaction pathway for propanal production. 
 
 
 
 Figure 5.11 shows the two ketones that were identified and quantified, 
2-nonanone and 2-decanone.  Both ketones were present with less than 5 ppm.  
Because of the large uncertainties and small quantities of the ketones, identification 
of trends is difficult.  However, ketones can be produced from several reactions in the 
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low and intermediate temperature regime.  One possible pathway is hydroxyl radical 
addition to an alkene that produces a hydroxyalkyl radical, followed by isomerization 
and hydrogen abstraction to produce the ketone (Touchard et al., 2005).  As a specific 
example, the pathway for the production of 2-decanone from 1-decene is shown in 
Fig. 5.12.  The isomerization shown is a simple representation of many possible 
complex pathways.  An analogous pathway could produce 2-nonanone from 
1-nonene.  Two C12 ketone-substituted iso-dienes were quantified, with higher 
concentrations in the Low Phi experiment, Fig. 5.13a & b.  These species suggest a 
complex internal hydrogen isomerization and abstraction process, perhaps of the 
ketohydroperoxide species, but more experimental work and modeling would aid in 
interpretation.  Also, an increase in the dienes was present in the Low Phi experiment 
from the start of NTC to 825 K.  One enone, methyl vinyl ketone, is shown in Fig. 
5.13c. 
 
 
   
   
M
ol
ar
 F
ra
ct
io
n 
0
1
2
3
4
5
600 650 700 750 800 850
(a) 2-nonanone
 
0
1
2
3
4
5
600 650 700 750 800 850
(b) 2-decanone
 Temperature (K) 
 Low Phi Moderate Phi #1 Moderate Phi #2 High Phi  
 
Figure 5.11: Measured molar fraction profiles of C9 and C10 ketones. 
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Figure 5.12: Representative reaction pathway for the production of 2-decanone. 
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Figure 5.13: Measured molar fraction profiles of C12 ketone-substituted iso-
dienes and a C4 enone. 
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 Figure 5.14 shows the lactones (cyclic esters) that were measured.  The 
lactones show relatively flat profiles throughout the temperature range.  The large 
uncertainties prevent comparing the lactone production among the experiments.  
More experiments at a wider range of conditions, such as higher fuel loading, may 
provide more information about lactone production pathways.  Nevertheless, dihydro-
2(3H)-furanone (γ-butyrolactone) is easily produced from oxidation of 
tetrahydrofuran via catalysis.  Lactone can be produced from condensation with an 
alcohol group and carboxylic acid group (such as alkanoic acids with hydroxyl 
groups).  Another possible pathway for producing lactones is from cyclic ethers, but 
modeling development would be necessary to confirm this as present low temperature 
kinetic models do not include pathways for lactone production (Curran, 2008). 
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Figure 5.14: Measured molar fraction profiles of C4-C6 and C9 cyclic esters. 
 
 
 
 Only one species with a cyclic ether group was identified and only for the 
Low Phi experiment.  Figure 5.15 shows the measured concentrations of 
tetrahydropyran-Z10-dodecenoate, a C17 ester-substituted cyclic ether, although it 
should be noted that the small GC peaks for this case make the identification 
tentative.  The analysis of the chromatograms revealed many other low concentration 
peaks that may be ethers, however, they were difficult to identify.  Cyclic ethers have 
been identified in the low temperature oxidation of n-decane and have been attributed 
to cyclization-elimination of the alkylhydroperoxy radical, producing the cyclic ether 
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and a hydroxyl radical (Dagaut et al., 1994).  Experiments which have a higher fuel 
loading may increase identification capabilities. 
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Figure 5.15: Measured molar fraction profile of tetrahydropyran-Z10-
dodecenoate. 
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Figure 5.16: Measured molar fraction profile of 2-ethyl-5-methyl-furan. 
 
 
 
 Figure 5.16 shows the molar fraction profile of a measured C7 alkyl-
substituted furan.  This furan could possibly be formed from the dehydrogenation of 
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2-ethyl-5-methyl-tetrahydrofuran (a cyclic ether).  Significant concentrations of 
alkylated tetrahydrofuran species were identified in low and intermediate temperature 
experiments of n-heptane and n-decane (Dagaut et al., 1994; Dagaut et al., 1995).  No 
tetrahydrofurans were identified in this present n-dodecane work.  2-Ethyl-5-methyl-
furan is an alkylated aromatic, and it is likely that furan would be produced from a 
cyclic species, such as tetrahydrofuran.  Experimental work at oxidizing 
tetrahydrofuran species at these conditions may help resolve this issue, particularly by 
establishing if furans are produced from tetrahydrofurans.  Similarly as with the 
dienes, an increase in the formation of the furans is more noticeable in the Low Phi 
experiment at the start of the NTC to 825 K. 
 
 
5.5 Closure 
 This chapter presented significant new experimental data from the oxidation 
of n-dodecane at low and intermediate temperatures and over a range of equivalence 
ratios.  Experiments were conducted in a pressurized flow reactor and analyzed with 
reactivity mapping data from CO production and detailed species evolution data from 
GC/MS/FID analysis of hydrocarbons and oxygenates.  The reactivity maps showed 
the same general trends among the different experiments, with CO production 
increasing with richer equivalence ratio as expected.  n-Dodecane exhibited NTC 
behavior characteristic of smaller linear alkanes – increasing reactivity at 
approximately 600-700 K, followed by decreasing reactivity at approximately 
700-850 K.  Of note, the Low Phi experiment exhibited NTC start at a lower 
temperature.  For all experiments, production of CO2 followed the trend of CO at 
about 1/3 the level.  O2 levels reached a minimum when reactivity was highest around 
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700 K, as expected. Furthermore, the detailed species evolution data were compared 
at the different equivalence ratios.  The production of C2-C12 alkenes and C3-C7 
aldehydes showed similar patterns between the different experiments, with the 
Moderate and High Phi experiments producing higher concentrations of these 
intermediates compared to the Low Phi, as expected with their richer mixtures.  
Alkenes smaller than C12 were only produced as 1-alkene isomers, but several C12 
alkene isomers were produced, particularly at 750-850 K.  The Low Phi experiment 
produced higher concentrations of C12 ketone-substituted iso-dienes, a C17 
ester-substituted cyclic ether, and a C7 alkyl-substituted furan than the Moderate and 
High Phi experiments.  Ketones, lactones, and an enone were also measured.   
 Calculations using the Milano model were carried out at Moderate Phi 
experimental conditions and compared to the experimental results.  The model 
underpredicted the reactivity of n-dodecane at these temperatures, and 
correspondingly underpredicted carbon oxides production and overpredicted O2 
levels.     
 While the general reactivity behavior and online species measurements of 
carbon oxides and O2 are considered accurate, the low carbon balances (as low as 
23%) obtained with the offline speciation measurements make detailed analysis 
beyond identification and general trend information difficult. Without better carbon 
balances, it is difficult to accurately explain the mechanisms producing these 
structurally complex molecules.  In spite of the shortcomings, this effort contributes 
one of the first starting points for the evaluation and advancement of chemical kinetic 
models for n-dodecane. 
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CHAPTER 6: DEVELOPMENT OF A NEW DIRECT TRANSFER 
METHODOLOGY FOR INVESTIGATING JET FUEL SURROGATE 
OXIDATION 
 
 
6.1 Introduction 
 The pressurized flow reactor facility, as described in Chapter 3, was designed 
to study low and intermediate temperature hydrocarbon oxidation chemistry.  The 
PFR facility was recently updated with a direct transfer connection for immediately 
analyzing combustion samples with an analytical chemistry facility.  Although the 
previous setup, utilizing a heated sample storage cart to store the samples from the 
reactor and inject them into the analytical chemistry facility, produced successful 
results in studying lighter hydrocarbons, recent experiments studying n-dodecane 
yielded low carbon balances.  The low carbon balance was attributed to complications 
introduced by storing gas-phase n-dodecane reaction intermediates for extended 
periods of time (up to 16 hrs) at 475 K.  To eliminate this time delay, the storage cart 
was replaced with a direct transfer connection, and a new methodology was 
developed to immediately inject each sample into the analytical chemistry facility.  
 Without carbon balances closer to 100%, the relative rates of competing 
reaction pathways cannot be determined.  A number of possibilities explain the low 
carbon balance for the n-dodecane experiments.  The vaporization process of the 
liquid fuel into the heated fuel-nitrogen line may be inconsistent in the fuel injection 
line, or it may not mix properly with the nitrogen-oxygen synthetic air mixture.  
Inconsistent initial fuel concentrations would produce high uncertainties in carbon 
balance calculations.  Another possibility is condensation in the transfer lines from 
the PFR to the sample storage cart, or in the storage cart.  Condensation and reaction 
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of species in the storage cart over long time periods at high temperatures, since each 
sample loop analyzed in the GC/MS/FID takes up to 90 minutes, is another concern.  
After several n-dodecane PFR experiments with GC/MS/FID analysis of 15 samples 
for each experiment, a soft waxy buildup was observed in the storage cart.  There 
have been other reports showing that for hydrocarbons greater than C8, the 
combination of low volatility and high reactivity can cause experimental difficulties 
in fundamental oxidation experiments (Cullis et al., 1981).   
 Furthermore, there is the possibility that the GC column is not separating all 
species injected onto the GC.  High molecular weight oxygenated products can be 
difficult to detect simultaneously with the smaller hydrocarbons produced from heavy 
fuels at low temperatures.  In summary, there are a number of speculative issues 
surrounding the difficulties in closing the carbon balance during n-dodecane 
oxidation in the low temperature regime.  The development and results of the direct 
transfer methodology are presented in Section 6.2.  A closure to this Chapter is 
presented in Section 6.3.    
 
6.2 Development and Results of the Direct Transfer Methodology  
 As mentioned, a soft waxy buildup was noticed in the sample loops in the 
storage cart after several n-dodecane experiments.  During each experiment, the 
sample storage cart temperature was maintained at 463 K, close to the maximum 
temperature of the multi-port switching valve.  Effects of the soft waxy buildup were 
first noticed while running a PFR experiment with GC/MS/FID analysis.  During a 
CCD run, the samples flow from the PFR, to the storage cart, and then to the NDIR 
detector, as shown in Fig. 3.1.  The NDIR detector has a rotameter, and a decrease in 
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flow was observed while the CCD experiment was underway, suggesting an 
impediment somewhere in the lines that is restricting the flow.  Once all 15 samples 
were collected and the cart was moved to the analytical chemistry facility, evacuation 
of a sample from the loop requires injecting the sample from the cart to a heated 
transfer line.  A pressure transducer measures the pressure as it quickly fills the 
transfer line. The pressure was usually around 2300 Torr.  In the last few sample 
loops (loops 13-16) for a given experiment, this pressure only rose to approximately 
1300 Torr. Nevertheless, the drop in pressure in the sample loops did not affect the 
GC injection pressure because the sample injected into the GC was always controlled 
by both the on/off valve 3 and the metering valve (as described in Section 3.3.1.1, and 
shown in Fig. 3.3) and was maintained at 570 Torr.  Carbon balances were typically 
at their lowest values at these higher numbered loops, where the samples were 
collected at lower temperatures during each CCD experiment.  Figure 6.1 shows the 
carbon balance from a typical n-dodecane experiment in the PFR operating with a 
CCD methodology.  Because of the pressure drop observation, the valve and sample 
loops were cleansed with acetone, and the residue was collected.  The residue was 
particularly observed at high quantities at transfer lines inside the cart that provide 
inlet and outlet connections from the multi-port switching valve to lines outside of the 
cart.  The acetone mixture had a brown discoloration, caused by the soft waxy 
buildup.  Several attempts were conducted at determining the composition of the 
buildup, utilizing the aforementioned GC/MS/FID system as well as a fluorescence 
spectrometer.  Results indicated that most of the soft waxy buildup contained the 
parent fuel.  It should also be noted that this investigation into the storage cart did not 
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fully decouple the effects of different sample loops and the temperatures at which the 
samples were collected.  
 As the storage cart appeared to be a possible cause of low carbon balance, a 
stability test was conducted.  The methodology of the experiment consisted of 
stabilizing the PFR at 650 K and collecting 15 samples at the same conditions 
(0.41 equivalence ratio, 8 atm pressure, 0.120 s residence time, 920 ppm n-dodecane / 
41,700 ppm O2 / balance N2).  This temperature was selected for its low carbon 
balances in previous CCD studies.  The extracted gas sample from the PFR flowed 
through the storage cart for at least five minutes, to allow for adequate time to flush 
the sample loop, prior to storing each sample.  A fuel calibration sample was 
collected with only n-dodecane and nitrogen to determine the initial n-dodecane 
concentration.  After samples were collected, the cart was moved to the GC/MS/FID 
facility for analysis.  The GC/MS/FID was operated with the parameters described in 
Section 3.4.   
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Figure 6.1: Carbon balance from 0.1% n-dodecane / 4% oxygen / balance 
nitrogen, at 8 atm pressure in the PFR, utilizing the sample storage cart for 
collecting intermediates and CCD methodology. 
 
 
 
 Figure 6.2 shows the carbon balance for the experiment. The horizontal axis 
can also be viewed as sample loop number, as the GC method lasted for one hour and 
the next loop was injected after analysis when the previous loop was finished. The 
carbon balance includes 39 species quantified from n-dodecane oxidation at 650 K.  
Species were analyzed with the GC/MS/FID. 
 Figure 6.3 shows the molar fraction profile of n-dodecane during the stability 
test.  Sample loop 2 is the fuel calibration sample, and contained 919 ppm 
n-dodecane.  Since each sample loop in Fig. 6.3 was collected at the same conditions, 
the molar fraction of n-dodecane should remain the same.  However, the stability test 
revealed that as each sample was analyzed, the molar fraction of n-dodecane 
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decreased.  From the first reaction sample to the last, the concentration of n-dodecane 
lowered from 45 ppm to 15 ppm.  As mentioned previously, clogging of the sample 
cart was observed and a decrease in sample loop pressure was noticed for sample 
loops 13-16.  n-Dodecane condensing and/or reacting in the storage cart caused this 
behavior.   
 Among the species identified were alkenes, aldehydes, ketones, ketone-
substituted iso-dienes, enones, and alkyl-substituted lactones.  The major species 
were CO, CO2, alkenes, and aldehydes.  CO and CO2 were quantified with the NDIR 
analyzer and were produced at 1200 and 490 ppm, respectively, for each sample 
extracted.  Figure 6.4 shows the quantification of alkenes.  The quantification of the 
alkenes was relatively stable throughout the hours after sample collection.  However, 
a decrease in ethene is noticeable at 14 hours.  In general, as alkene carbon number 
increases, measured molar fraction decreases.   
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Figure 6.2: Carbon balance of stability test from 0.1% n-dodecane / 4% oxygen / 
balance nitrogen, at 8 atm pressure and 650 K temperature in the PFR, utilizing 
the sample storage cart for collecting intermediates and CCD methodology. 
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Figure 6.3: Molar fraction profile of n-dodecane from the stability test. 
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Figure 6.4: Molar fraction profiles of the alkenes from the stability test. 
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 Figure 6.5 shows the quantification of aldehydes.  At 14 hours after sample 
collection, the levels for all the aldehydes except for the lightest, acetaldehyde, 
decreased.  Interestingly, acetaldehyde increased as the heavier aldehydes decreased.  
As the carbon number increases for the aldehydes, the production levels generally 
decrease. 
 It was evident from the stability test that over the time durations that species 
remained in the storage cart, the carbon balance decreased.  Since the sample loops 
were clogging and the molar fraction of n-dodecane decreased over time, it appears 
that the loss of gas-phase n-dodecane is one major component of the decrease in 
carbon balance.  It is possible that species are reacting inside the storage cart to form 
other species that do not reach the GC column in the gas phase. 
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Figure 6.5: Molar fraction profiles of the aldehydes from the stability test. 
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 Not only was the storage cart clogging and lowering the carbon balance of the 
n-dodecane experiments, it was also difficult to handle experimentally.  Once all the 
samples were collected from the PFR, the cart was physically moved to the analytical 
chemistry lab where the GC/MS/FID is located.  Then, an additional sample transfer 
line was attached to the cart for flow of samples to the GC/MS/FID, as shown in Fig. 
3.3.  This additional transfer line had a valve attached at each end and was heated to 
prevent condensation of high molecular weight species.  It was difficult to ensure the 
entire surface along the transfer line from the storage cart to the GC/MS/FID was 
heated; any relatively cold spot along the line, including the valves, could cause the 
sample to condense.  With the problems of the low carbon balance, clogging, and 
difficulty working with the storage cart, the removal of the storage cart for 
n-dodecane experiments was deemed appropriate.  In order to perform PFR 
experiments with GC/MS/FID without the storage cart, the GC/MS/FID had to be 
moved from the analytical facility to the PFR facility and a new methodology had to 
be developed.   
 Thus, a GC/MS/FID direct transfer controlled cool down (DT-CCD) facility 
and DT-CCD methodology was developed.  The GC/MS/FID was moved to the PFR 
facility so that samples could be directed from the PFR to the GC in close proximity 
and in real time.  The new DT-CCD methodology consists of heating the PFR to the 
desired experimental starting temperature and allowing the PFR to cool at a 
controlled rate by adjusting the two air circulation heaters, as well as the eight bead 
heaters wrapped around the reactor.  The residence time is held constant by adjusting 
the position of the sampling probe, and the pressure is held constant by adjusting the 
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pressure regulating valve, similar to the CCD methodology.  To determine the initial 
fuel concentration, a fuel calibration sample, which contains fuel and N2, is collected, 
typically at 835 K, and directed to the GC/MS/FID after flowing through the PFR.  
The PFR is stabilized when the sample temperature, flow rates, and CO/CO2/O2 
levels remain constant.  The flow path of the extracted sample at the inlet of the GC 
auxiliary zone is shown in Fig. 6.6.  Also, the valves, cross, and fittings in Fig. 6.6 are 
wrapped with heating tape and insulated to maintain the temperature of the PFR 
sample line.  To direct a sample into the GC/MS/FID, Valves 1 and 2 are in the open 
position and Valve 3 is initially closed.  A vacuum in the 1-mL sample storage loop, 
inside the heated auxiliary zone of the GC, is created by the vacuum pump.  Once 
vacuum is achieved, Valve 3 is opened to flush out the 1-mL sample loop.  After the 
loop is flushed, the vacuum control valve is closed and the loop is allowed to fill with 
the sample gas.  The sample loop fills almost instantaneously since the flow rate from 
the PFR is set to 1.5 L/min.  Valve 3 is then closed, and the injection pressure of the 
1 mL loop, 570 Torr, is controlled by bleeding off excess pressure via a precision 
metering valve.  Monitoring the pressure of the sealed sample loop confirmed that no 
leaks were present.  This injection pressure maintained consistency with previous 
PFR experiments using the CCD methodology with the sample storage cart, where 
the selected pressure allowed for a repeat injection if the first analysis failed.  The 
quenching time, defined as lowering the sample below 473 K, is 1 ms.  Sample 
transfer time after quenching to fill the 1-mL sample loop, is < 1 s.  The GC pre-
injection time, from the 1-mL sample loop, through an internal heated transfer line, 
and to the column, is 180 s.  The sample is then directed to the CO/CO2/O2 detector 
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for continuous monitoring.  While the first sample is being analyzed by the 
GC/MS/FID, the PFR is cooled by adjusting the set-points of the heaters down to 
reach the next sample collection temperature point.  The process is repeated until the 
last sample is collected, typically around 550 K. 
 
 
On/Off 
Valve 1
On/Off 
Valve 3
On/Off 
Valve 2
PFR 
Sample Line
CO/CO2/O2 
Detector
Cross
GC/MS/FID Inlet
Direct access port to 
GC/MS/FID.  Port sealed   
during experiments.  
 
Figure 6.6: Extracted sample flow path from PFR to the inlet of GC/MS/FID 
heated auxiliary zone, in the Direct Injection CCD mode. 
 
 
 
 A n-dodecane experiment was conducted with the updated facility and new 
methodology.  Over 115 intermediates were identified at appreciable levels.  Table 
2.1 lists the species by class.  They include n-alkenes, iso-alkene, n-alkynes, iso-
alkyne, dienes, cycloalkene, alkane, aldehydes, ketones, diones, epoxides, alcohols, 
carbon oxides, carboxylic acids, furans, non-cyclic ester, non-cyclic ethers, 
tetrahydrofurans, lactones, furanones, dioxin, tetrahydropyranone, tetrahydropyran, 
molecular nitrogen, molecular oxygen, and water.  The species quantified at 
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significant quantities that were not previously identified with the storage cart 
sampling method were formaldehyde, acetaldehyde, acetic acid, 
1-hydroxycyclohexanecarboxylic acid, and 1-ethylcyclohexanol.  The numerous other 
species previously not identified were now also quantified.  Water followed the same 
general trend as CO in the low temperature regime, exhibiting a rise from 550-700 K, 
then decreasing reactivity in the Negative Temperature Coefficient regime at 700-
850 K. 
 In the storage cart method, there were many transfer lines and valves for 
collecting, storing, and sending the samples to the GC/MS/FID.  Even though all lines 
were heated, concerns about cold spots remained.  In the direct transfer method, the 
reduced number of sample lines and valves allow for easier capability to compare 
effects of transfer line temperature on experimental results.  n-Dodecane experiments 
were conducted at transfer line temperatures of 393-463 K.  No differences in species 
identified or quantified were noticed between the different experiments. 
 In another exploratory experiment, GC/MS/FID parameters were modified.  
The scan range for the MS was increased from 250 to 500 amu/z, to allow for the 
possibility of identifying larger species.  Additionally, the GC program ran for a 
longer time and at higher temperatures to allow for any possible heavier species to 
elute.  Furthermore, the fuel flow rate was lowered so that the experiment was at a 
lower fuel concentration and a leaner equivalence ratio.  In the test, no new 
n-dodecane intermediates were positively identified.  However, several large peaks 
indicated silicon-based species, certainly expected as the GC column contains 
polydimethylsiloxane.  Nevertheless, this observation raised concerns about 
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hydrocarbons from the PFR reacting with the column.  To ensure the intermediate 
species were produced from the chemical reactions in the PFR and not from reactions 
occurring inside the column of the GC oven during the low temperature phase of the 
GC method, a validation DT-CCD experiment was conducted with an initial GC oven 
temperature of 353 K.  The intermediate species were still measured in similar 
concentrations although the GC retention times had been reduced by 30 s.  Thus, we 
conclude that the intermediate species are produced in the PFR and are not an artifact 
of the sampling and analytical system.   
 Figure 6.7 shows the comparison of carbon balances for a n-dodecane 
experiment using the CCD and DT-CCD methodology.  The initial conditions were 
581 ppm n-dodecane, 41,420 ppm O2, 0.26 equivalence ratio, and 8 atm pressure.  
The results showed that the overall carbon balance for the DT-CCD experiment was 
greater than 80 %, compared to the CCD methodology which was only greater than 
20 %.  In addition to observing more species with the direct transfer method, a greater 
resolution for quantification is possible.  With the storage cart, the alkenes were 
clearly quantified.  However, other species had large uncertainties and it was difficult 
to discern any patterns, necessary for reaction pathway analysis.  In several 
preliminary experiments with the direct transfer method, several species have been 
quantified at significantly higher levels at temperatures less than 700 K, while many 
others were quantified at higher levels at temperatures greater than 700 K.  The 
species that were produced at higher levels at temperatures less than 700 K, compared 
to their respective levels greater than 700 K, include diones: 5,8-tridecadione 
(C13H24O2), 2,5-heptadecadione (C17H32O2), and 2,5-octanedione (C8H14O2), 
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carboxylic acids: 3-hydroxy-dodecanoic acid (C12H24O3), undecanoic acid 
(C11H22O2), acetic acid (C2H4O2), butanoic acid (C4H8O2), and pentanoic acid 
(C5H10O2), and ketones: 2-butanone (C4H8O), 2-pentanone (C5H10O), 2-hexanone 
(C6H12O), 2-nonanone (C9H18O), and 2-decanone (C10H20O), and furanones: 
dihydro-2(3H)-furanone (C4H6O2), dihydro-5-methyl-2(3H)-furanone (C5H8O2), and 
5-ethyldihydro-2(3H)-furanone (C6H10O2).  The species that were produced at higher 
levels at temperatures greater than 700 K, compared to their levels below 700 K, 
include tetrahydrofurans: 2,5-dipropyltetrahydrofuran (C10H20O), 
2-propyl-5-isopentyltetrahydrofuran (C12H24O), 2-methyl-5-pentyl-tetrahydrofuran 
(C10H20O), 2-hexyltetrahydrofuran (C10H20O), and substituted cyclohexane structures: 
1-hydroxycyclohexanecarboxylic acid (C7H12O3) and 1-ethylcyclohexanol (C8H16O).  
As previously observed in the storage cart experiments, alkenes are produced at 
higher quantities at temperatures greater than 700 K.  However, also in the storage 
cart experiments, it was difficult to ascertain any patterns from the production of 
aldehydes, due to low repeatability.  In the preliminary experiments with the direct 
transfer method, scattering has been reduced, and it appears that lighter aldehydes are 
produced at their highest levels at lower temperatures, and heavier aldehydes are 
produced at their highest levels at higher temperatures. 
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Figure 6.7: Comparison of carbon balances for a CCD and DT-CCD n-dodecane 
experiment.  
 
 
6.3 Closure 
 The PFR facility designed for studying hydrocarbon oxidation chemistry has 
been updated to better accommodate the issues surrounding heavier hydrocarbons 
relevant for jet fuel surrogate development.  Several experiments were conducted to 
test whether the CCD methodology was adequate for studying the low temperature 
behavior of high molecular weight hydrocarbons such as n-dodecane.  The 
experimental tests revealed that the CCD methodology was causing problems during 
the sampling and storing of the intermediate species.  Therefore, a new DT-CCD 
experimental methodology was developed.  The number of species identified and 
quantified has quadrupled with the use of the DT-CCD methodology which uses a 
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direct transfer of the samples from the PFR to the GC/MS/FID, compared to using a 
heated sample storage cart. 
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CHAPTER 7: THE OXIDATION OF N-DODECANE WITH THE DT-CCD 
METHODOLOGY 
 
 
 
7.1 Introduction 
 This phase of the study focused on the oxidation of n-dodecane over the low 
temperature regime of hydrocarbon oxidation.  As mentioned, this regime is 
particularly important in autoignition in compression ignition engines and 
afterburners in gas turbines.  The experimental results mentioned in this chapter are 
the first of its kind, with acceptable carbon balance, for the oxidation of n-dodecane 
in the PFR.  The experimental results were compared to three kinetic models.  The 
models captured the NTC behavior; however, discrepancies in a few of the major 
species measured, specifically formaldehyde, several light unsaturated species, and 
carbon monoxide, indicate areas for model improvement.  Rate of production (ROP) 
analysis identified the formaldehyde reaction with hydroxyl radical to produce formyl 
radical, and its subsequent decomposition to carbon monoxide, as dominant reactions.  
The data from this phase of the study provide targets for the continued refinement of 
chemical kinetic models for n-dodecane.  Section 7.2 discusses the experimental 
conditions.  The details of the Milano, Livermore, and JetSurF models are presented 
in Section 7.3.  Section 7.4 discusses the results of the experiments and ROP analysis.  
A closure to this chapter is presented in Section 7.5. 
 
7.2 Experimental Conditions 
 The pressurized flow reactor facility was operated with the DT-CCD 
methodology, as described in Chapter 6.  With the DT-CCD methodology, the sample 
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extracted from the PFR flows into the 1 mL sample loop within seconds.  The stable 
intermediates were analyzed using the Thermo Finnigan TraceGC gas chromatograph 
with flame ionization detection (GC/FID) and the gas chromatograph coupled to the 
Thermo Finnigan TraceDSQ mass spectrometer (GC/MS), as described in Section 
3.4.  Quantification of the intermediate species was achieved by the method explained 
in Section 3.5, with the addition of formaldehyde being quantified utilizing the 
chromatograms produced by the mass spectrometer.  The linear relationship observed 
between the MS and FID signals for acetaldehyde was used to determine a theoretical 
formaldehyde FID signal from the formaldehyde MS signal.   
 Three replicate DT-CCD experiments were conducted; all input parameters 
and results were averaged.  The initial molar fraction of n-dodecane was an average 
of 531 ppm, with one standard deviation of ±8 ppm.  The initial oxygen molar 
fraction was 42,100 ppm, with the remaining initial balance being nitrogen.  This was 
an equivalence ratio of 0.23 ±0.05.  All experiments were conducted at 8.000 
±0.025 atm pressure and 120 ±10 ms residence time.  For CO, CO2, and O2, 
experimental results were recorded at < 5 K intervals from 550-830 K.  The data are 
therefore a map of reaction progress at varying temperature while inlet concentrations 
(fuel, oxidizer, and diluent), residence time, and pressure are maintained constant.  
During each DT-CCD process, samples were extracted and stable intermediates were 
measured at sample temperatures of 550, 640, 700, 750, and 830 K, with an 
uncertainty of ± 2 K.  In the experimental results reported in Section 7.4, the 
concentrations are the average of the three experiments, with errors considered to be 
±1 standard deviation.   
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7.3 Details of Models Conditions  
 Three models, Lawrence Livermore National Laboratory (Livermore), 
Politecnico di Milano (Milano), and JetSurF were evaluated for comparison to the n-
dodecane experiments.  The Livermore model is a detailed mechanism describing the 
oxidation and pyrolysis for C8-C16 n-alkanes (Westbrook et al., 2009); the Milano 
model is a semi-detailed model for the pyrolysis, partial oxidation, and combustion of 
hydrocarbons up to C16 (Ranzi et al., 2005); and JetSurf is a detailed chemical kinetic 
reaction model used for modeling pyrolysis and oxidation of n-alkanes up to C12 at 
high temperatures (Sirjean et al., 2009).  The Livermore and Milano models have the 
critical low-temperature branching pathway as described in Section 2.2, as well as 
other paths (alkyl radical decomposition to form alkene and smaller alkyl, and 
alkylhydroperoxy decomposition to form either alkene and hydroperoxy radical, or 
cyclic ether and hydroxyl radical, or alkene, ketene, and hydroxyl).  The key 
difference from Livermore is that the Milano model lumps isomers.  Consequently, 
the Livermore model has reactions describing C12 ketohydroperoxide decomposition 
depending on the isomer, while the Milano model has three independent global C12 
ketohydroperoxide decomposition reactions.  Livermore includes C12 alkylated 
tetrahydrofurans while Milano includes only lighter cyclic ethers.  JetSurF, on the 
other hand, only contains a 4 species, 12 step, n-dodecane oxidation model which is 
appended to capture at least some of the low temperature chemistry and is a variation 
that Bikas et al. (2001) proposed.  Consequently, caution must be taken when 
comparing low temperature experimental data to JetSurf.  At the present time, JetSurF 
is in the early stages of development.   
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 Each model, and its associated thermochemical data file, was used without 
modification, the purpose being to identify potential areas for improvement.  The 
models were exercised using the plug flow reactor module at adiabatic conditions 
with CHEMKIN-PRO (Reaction Design, 2008) which approximates the operation 
methodology employed for this phase of the study.  At their respective peak 
reactivities, the Livermore and Milano models predicted 23 K and 20 K temperature 
rises; temperature rises decreased with decreasing reactivity.  No surface reactions 
were included in the model as they were demonstrated to be unimportant in this 
reactor (Koert, 1990); the absence of reactivity observed at 830 K indicates that 
oxidation is not influenced by the surfaces.  Present simulations were run at 10 K 
intervals from 520-850 K to cover the temperature range of the experiments, and the 
input parameters were the averages of the experiments. 
 A rate of production (ROP) analysis, only for the Livermore and Milano 
models, was performed for the major species experimentally observed (n-dodecane, 
CO, CO2, formaldehyde, and C12 alkylated cyclic ethers).  Both the Livermore and 
Milano models were analyzed to isolate the key reactions that produce the major 
species.  The analysis was conducted at sample temperatures of 640, 700, 750, and 
830 K.  As intermediate species were not measured in significant concentrations at 
550 K, no ROP analysis was conducted at that temperature.  Only reactions with 
ROP’s of at least ±3% of the net ROP of the species were considered significant for 
this analysis.  In Section 7.4, reaction numbers refer to the sequence in the input files 
obtained from Livermore (L) and Milano (M).  
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7.4 Results and Discussion 
 For these experiments, carbon balances were 80-110%, and oxygen balances 
were 97-101%.  One hundred fifteen species were identified and measured; however, 
many of them were at trace amounts.  Summing only a few major species accounted 
for 55-80% of the initial carbon, depending on the temperature.  These species were 
CO, CO2, formaldehyde, acetaldehyde, propanal, 2-propyl-5-iso-
pentyltetrahydrofuran and two other incompletely identified C12 alkylated 
tetrahydrofuran isomers, 5-methyl-dihydro-2(3H)-furanone, dihydro-2(3H)-furanone, 
ethene, and 3-dodecene.  Additional aldehydes, cyclic ethers, lactones, alkenes, 
ketones, diones, and carboxylic acids were measured at smaller carbon contribution 
quantities. 
 Figure 7.1 and Fig. 7.2 presents the experimental and modeling results of n-
dodecane and CO, respectively, in carbon molar fraction, with these two species 
showing the expected inverse relationship.  In Figs. 7.1-7.7, the sample temperature 
refers to the temperature of the products at the 120 ms residence time sampling 
location in the quartz reactor and thus includes temperature rise due to heat release in 
experiments and models.  CO accounted for up to 10% of the carbon.  The smooth 
profile of CO (the main indicator of reactivity) suggests that similar behavior can be 
expected for all species.  Both the Livermore and Milano models captured the general 
low temperature reactivity trend.   
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Figure 7.1: Carbon fractions for n-dodecane: (○) experimental, 
(______) Livermore, (__  __  __) Milano, and (__  --  __  --) JetSurF. 
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Figure 7.2: Carbon fractions for CO: (○) experimental, 
(______) Livermore,(__  __  __) Milano, and (__  --  __  --) JetSurF. 
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 CO accounted for up to 10% of the carbon.  In the low temperature regime, 
CO is a good indicator of reactivity and does not oxidize significantly to CO2 (Wilk et 
al., 1989).  The maximum CO, 760 ppm, occurred at 675 K.  This is traditionally 
considered the start of NTC behavior.  The Livermore and Milano models over 
predicted peak CO production by approximately 2 and 1.5 times, respectively.  
Whereas, the JetSurF model under predicted and shifted the peak of CO production to 
730 K. 
 The consumption of O2 is shown in Fig. 7.3, in terms of overall oxygen 
fraction; as expected O2 closely tracks the fuel consumption and CO production.  
Since the models do not predict any n-dodecane consumption below 610 K, the 
models correspondingly do not predict any O2 consumption at the lower temperatures.  
Above 640 K, however, the Livermore and Milano model predictions are good.  The 
Livermore and Milano models under predict the consumption of O2 at the higher 
temperatures, but considering the experimental uncertainty, the experiments and 
predictions are close.  In general, because of the lean equivalence ratio, O2 is not a 
controlling factor.  In these fuel lean experiments, the maximum consumption of O2 
was 8%. 
Figure 7.4 plots the carbon contribution from CO2.  The trend of CO2 
followed the CO trend, but at approximately 1/3 the quantity.  At low temperatures, 
CO2 can be produced from oxygenates such as cyclic ethers (Glaude et al., 2002) 
rather than from the oxidation of CO.  Experimentally, the CO2 maximum was 
250 ppm, at 694 K.  Again, both the Livermore and Milano models do not predict 
CO2 formation at the lower temperatures, although they capture the trend once the 
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reaction is initiated.  The Livermore and Milano models under predicted the 
experimental results by factors of 3 and 2, respectively.  JetSurf does not predict CO2 
formation, as the low temperature formation pathways are not currently included in 
the model. 
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Figure 7.3: Oxygen fractions for O2: (○) experimental, (______) Livermore, 
(__  __  __) Milano, and (__  --  __  --) JetSurF. 
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Figure 7.4: Carbon fractions for CO2: (○) experimental, (______) Livermore, and 
(__  __  __) Milano. 
 
 
 
 Figure 7.5 and Fig. 7.6 display the carbon contribution from the most 
dominant aldehydes, formaldehyde and acetaldehyde plus propanal, respectively, 
along with the corresponding model predictions.  Formaldehyde was not only the 
dominant aldehyde measured, but was also the dominant intermediate, accounting for 
the majority of the carbon in the 640, 700 and 750 K samples.  A formaldehyde molar 
fraction of 2200 ppm was measured at 700 K, although a slightly higher maximum 
would be expected to occur about 25 K lower at the NTC start temperature.  At 
700 K, the Milano model predicted a formaldehyde level four times lower, and the 
Livermore model predicted a level six times lower.  The JetSurf model predicted 
levels of formaldehyde from 700 K to 800 K.  Like formaldehyde, acetaldehyde and 
propanal exhibited an increase between 640-750 K.  The Livermore model predicted 
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the measured acetaldehyde profile well, while the Milano model predicted a level five 
times lower. 
 One C12 alkylated tetrahydrofuran, 2-propyl-5-iso-pentyltetrahydrofuran, was 
positively identified and two other C12 alkylated tetrahydrofurans were identified, but 
no MS standards exist in the NIST database at the time of this phase of the study, 
preventing positive identification.  Figure 7.7 shows the measured, combined carbon 
contribution of these three species along with the predictions of the Livermore model 
that included five C12 alkylated tetrahydrofuran isomers. The model captured the 
experimentally measured trend of gradually increasing levels until near the end of the 
NTC region, although the predicted levels were up to three times higher than 
measured. 
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Figure 7.5: Carbon fractions for formaldehyde: (○) experimental, 
(______) Livermore, (__  __  __) Milano, and (__  --  __  --) JetSurF. 
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Figure 7.6: Carbon fractions for acetaldehyde plus propanal: (○) experimental, 
(______) Livermore, and (__  __  __) Milano. 
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Figure 7.7: Carbon fractions for 3-dodecene: (□) experimental, 
(______) Livermore; and for ethene: (○) experimental, (__  __  __) Livermore, 
(-------) Milano. 
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 Figure 7.7 shows the carbon contribution from the two dominant alkenes, 
ethene and 3-dodecene.  Only the Livermore model, which includes six isomers, 
includes dodecene.  It captured the trend of increasing 3-dodecene with temperature, 
although peak production was under predicted by a factor of four times.  Ethene 
peaked at 750 K and, while Livermore and Milano models captured the trend, levels 
were over predicted. 
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Figure 7.8: Carbon fractions for C12 alkylated tetrahydrofurans: 
(□) experimental, (______) Livermore; and for 5-methyl-dihydro-2(3H)-furanone: 
(○) experimental. 
 
 
 
 Several lactones were measured and Fig. 7.8 includes the measured carbon 
contribution of the dominant lactone, 5-methyl-dihydro-2(3H)-furanone.  The 
measured trend is similar to that of the aldehydes with a carbon contribution roughly 
the same as acetaldehyde.  Neither model included the production of lactones.  To 
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ensure the lactones were produced from the chemical reactions in the PFR and not 
from reactions occurring inside the column of the GC oven during the low 
temperature phase of the GC method, a validation DT-CCD experiment was 
conducted with an initial GC oven temperature of 353 K.  The lactones and other high 
molecular weight oxygenated species were still measured in similar concentrations 
although the GC retention times had been reduced by 30 s.  Thus, we conclude that 
the lactones are produced in the PFR and are not an artifact of the sampling and 
analytical system.  Also, in motored engine experiments studying the autoignition of 
tetrahydrofuran at an intake temperature of 400 K, dihydro-2(3H)-furanone was 
measured (Leppard, 2001), but no lactone production pathways were suggested.  
Therefore, an objective of this study was to suggest pathways for the production of 
lactone species. 
 Figure 7.9 shows the suggested pathways for the low temperature oxidation of 
tetrahydrofuran to produce saturated and unsaturated lactones.  The initial step is 
tetrahydrofuran reacting with a small radical, such as hydroxyl, that abstracts a 
hydrogen atom.  Reaction R1 was initially suggested by Leppard (1991), in which a 
pathway was developed for the production of bifunctional carbonyls from the 
autoignition of tetrahydrofuran.  Leppard (1991) also found that hydrogen abstraction 
from the α carbon, the carbon atom adjacent to the O atom, is more likely than 
hydrogen abstraction from the β carbon, which is the carbon atom adjacent to two 
carbon atoms.  This step produces C4H7•O, tetrahydrofuranyl radical, and H2O.  From 
Leppard (1991), C4H7•O undergoes molecular oxygen addition, R2, to form 
C4H7OOO•, tetrahydrofuranperoxy radical.  C4H7OOO• has two possible pathways, 
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R3 and R5.  As shown in R3, C4H7OOO• can abstract a hydrogen atom from some 
species, XH, to form the tetrahydrofuranhydroperoxide, C4H7OOOH, and X.  In 
Leppard (1991), XH is the fuel, however, in this present study XH is likely to be 
another species due to the low fuel concentration.  In Leppard (1991), the pathway for 
the consumption of C4H7OOOH was ring opening to yield bifunctional aldehyde-
alkoxy species.  However, from the results of this study a different pathway is 
suggested.  This pathway, R4, is similar to the formation of OH and an oxygenated 
species from the decomposition of an alkylhydroperoxide, as shown in Fig. 2.1.  
Cleavage of the peroxy bond in C4H7OOOH yields dihydro-2(3H)-furanone and a 
hydroxyl radical.  While Fig. 7.9 shows formation of dihydro-2(3H)-furanone from 
tetrahydrofuran, this pathway could be expanded to show the formation of various 
alkylated lactones from various alkylated tetrahydrofurans identified from the 
n-dodecane experiments.  From the experiments, the lactone species identified were 
dihydro-2(3H)-furanone, 5-methyldihydro-2(3H)-furanone, 5-ethyldihydro-2(3H)-
furanone, 5-propyldihydro-2(3H)-furanone 5-butyldihydro-2(3H)-furanone, 
5-pentyldihydro-2(3H)-furanone, and 5-heptyldihydro-2(3H)-furanone.  
Alternatively, as shown in R5, C4H7OOO• can undergo internal hydrogen abstraction 
to form tetrohydrofuranylhydroperoxide radical, C4H6•OOOH.  R6 then shows 
hydrogen abstraction by some species X from the radical carbon in C4H6•OOOH to 
form 2,3-dihydrofuranhydroperoxide, C4H5OOOH.  Ultimately, in a reaction similar 
to R4, R7 shows cleavage of the peroxy bond in C4H5OOOH to yield the unsaturated 
lactone, 2(3H)-furanone, and hydroxyl radical.  Similarly, as shown in Fig. 7.9, the 
formation of 2(3H)-furanone from tetrahydrofuran can be expanded to show the 
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formation of various unsaturated lactones from various tetrahydrofurans.  The 
unsaturated lactones identified from the n-dodecane experiments were 
5-methyl-2(3H)-furanone and 5-methyl-2(5H)-furanone.   
 112
 
 
Figure 7.9: Pathways for the low temperature oxidation of tetrahydrofuran to 
produce saturated and unsaturated lactones. 
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 Figure 7.10 shows the parent fuel and product classes contributing at least 5% 
of the carbon at each sample temperature.  Clearly, at all temperatures, aldehydes are 
the dominant class of intermediates, followed by cyclic ethers.  CO, ketones, and 
lactones contribute significantly around the NTC start, while at higher temperatures 
these species are displaced by alkenes. 
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Figure 7.10: Classes measured from experiment contributing at least 5% of 
carbon. 
 
 
7.4.1 Rate of Production Analysis  
 ROP analysis was conducted for the Livermore and Milano models to provide 
insight into the dominant reaction paths and the differences between the experiments 
and models.  For both models, the initial reaction is hydrogen abstraction from 
n-dodecane via a hydroxyl radical.  The Livermore model considers the yields for 2-, 
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3-, 4-, 5-, and 6-dodecyl radicals (L3144, L3145, L3146, L3147, and L3148, 
respectively) to be equally dominant, with half the production for 1-dodecyl radical 
(L3143), Fig. 7.11.  The Milano model, because it is semi-detailed, lumps all these 
reactions as one reaction to produce one n-dodecyl radical (M7312), Fig. 7.12.   
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Figure 7.11: Net ROP for significant reactions producing n-dodecane, from the 
Livermore model. 
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Figure 7.12: Net ROP for significant reactions producing n-dodecane, from the 
Milano model. 
 
 
 
Only the detailed Livermore model included C12 alkylated cyclic ethers.  At 750 K, 
numerous isomers were produced by the decomposition of various alkylhydroperoxy 
radical isomers to yield the C12 alkylated cyclic ether isomer and a hydroxyl radical 
(L5883, L5885, L5886, L5887, L5888, L5889, L5890, L5965, L5967, L5968, L5969, 
L5970, L5971, L5972, and L5973), Figs. C.1-C.12 (Figs. C.1-C.12 can be found in 
Appendix C).  At 830 K, the reduction in C12 alkylated cyclic ethers was partially 
attributed to the reversibility of those reactions.  Additionally, a competing pathway 
with the same reactants (C12 alkylated cyclic ether and hydroxyl radical) was 
significant at 830 K and yielded an alkene, an oxygenated radical, and H2O (e.g., 
L7681 and L7682 in Fig. C.2). 
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 As mentioned, CO2 formation via CO oxidation is not considered the primary 
source for CO2 in the low temperature regime.  However, in the Livermore model in 
Fig. 7.13, this reaction (L7) accounted for a significant contribution of CO2 
(producing 23% of the net CO2 level at 700 K).  Nevertheless, the dominant reaction 
was the oxidation of the ethynyloxy radical (HC2O) to produce CO2 and a formyl 
radical (L1454).  This reaction produced 38% of the net CO2 level at 700 K.  The 
Milano model suggests a different key reaction pathway for CO2 production, 
Fig. 7.14.  At 700 K, the dominant reaction, contributing 38% of the net CO2 level, is 
the reaction of formaldehyde with a hydroxyl radical to yield CO2, H, and H2 (M181).  
Clearly, the understanding of CO2 formation in the low temperature regime from 
these large hydrocarbons requires additional work. 
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Figure 7.13: Net ROP for significant reactions producing CO2, from the 
Livermore model. 
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Figure 7.14: Net ROP for significant reactions producing CO2, from the Milano 
model. 
  
 
 
 For the production of CO in the Milano and Livermore models, seven and 
eight reactions, respectively, contributed substantially, Figs. 7.15 and 7.16.  The 
dominant reaction was the production of CO and a hydroperoxy radical from the 
reaction of O2 with a formyl radical.  At 700 K, for both models, this reaction 
produced 50% of the CO.  A wider range of significant reactions was identified for 
the production of formaldehyde, the dominant intermediate.  Figure 7.17 shows the 
formaldehyde ROP’s of the significant reactions at the different temperatures 
analyzed in the Milano model.  The consumption of formaldehyde by reaction with a 
hydroxyl radical (M2533) offset the numerous reactions producing formaldehyde.  A 
similar observation is observed in the ROP analysis for formaldehyde in the 
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Livermore model, Fig. 7.18.  The same reaction (L32) offset the production of 
formaldehyde. 
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Figure 7.15: Net ROP for significant reactions producing CO, from the Milano 
model. 
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Figure 7.16: Net ROP for significant reactions producing CO, from the 
Livermore model. 
 
 
 
The discrepancy between the measured and predicted formaldehyde (at 700 K, 
2200 ppm was observed, while Livermore predicted 322 ppm and Milano predicted 
543 ppm) may relate to other results.  The Livermore model also predicted higher 
levels of CO, ethene, propene, 1-butene, 1-pentene, 1-hexene, 1-heptene, 1-octene, 
1-nonene, 1-decene, 2-propenal, propanal, butanal, pentanal, hexanal, heptanal, 
octanal, nonanal, and C12 alkylated cyclic ethers.  Other species predicted by 
Livermore (at least 10 ppm), but not measured experimentally (minimum detectable 
quantity is 1 ppm), included decanal, ketene, methyl peroxide, formic acid, and 
1,3-butadiene.  The Milano model predicted higher levels of CO, ethene, propene, 
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n-butene, n-pentene, n-heptene, n-decene, acetaldehyde, 2-propenal, propanal, 
heptanal, and ethylene oxide.  Other species predicted by Milano, but not measured 
experimentally, included 1,3-butadiene, 2-methyl-1,3-butadiene, methanol, and 
ethyne.  A source of the differences between experiments and models for alkene 
intermediates may be that they are more reactive than predicted in the low 
temperature regime.  The reactivity of alkenes, including 1-pentene, 1-hexene, and 
1-heptene, has been observed in the PFR (Lenhert et al., 2009) and in rapid 
compression machines in the low temperature regime (Minetti et al., 1999; Tanaka et 
al., 2003a; Vanhove et al., 2005), with fuel consumption rates typically 20-50%.  A 
model for 1-pentene predicted formaldehyde as the dominant product from the rapid 
compression machine experiments (Touchard et al., 2005).  The general discrepancy 
between the model and experiments for n-dodecane may be an indication that 
n-dodecane intermediates rapidly decompose to smaller species and ultimately 
formaldehyde. 
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M181: OH+CH2O=>H+H2+CO2 
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OQOOH=>OH+CH3CO+CH2O+.8NC10H20+.25NC4H8
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O2+CH2C3H5=>.6C2H3+1.2CH2O+.4C2H4O+.4CH2CHO
M1346: C3H5OO=>CH2CHO+CH2O
M182: OH+CH2CO=>HCO+CH2O
M2533: OH+CH2O=>H2O+HCO
M293: OH+C4H6=>.55CH2O+.55CHCHCH3+.2C2H3+       
.2CH3CHO+.25C2H4+.25CH2CHO
M161: CH3O(+M)=CH2O+H(+M)
M1671: NC12-
QOOH=>OH+CH2O+.35NC5H10+.75NC7H14+.4NC10H20
CH2O net rate of production [%] 
640 K
700 K
750 K
830 K
 
 
Figure 7.17: Net ROP for significant reactions producing formaldehyde, from 
the Milano model. 
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Figure 7.18: Net ROP for significant reactions producing formaldehyde, from 
the Livermore model. 
 
 
 
 An investigation of the critical low-temperature reactivity pathway suggests 
an interesting mechanism that, if highly active, would yield high concentrations of 
formaldehyde.  The following pathway, illustrated in Fig. 7.19, only includes 
reactions from the Livermore model.  If the 2-, 3-, 4, or 5-dodecyl radical is produced 
and followed by O2 addition, the next step is internal hydrogen isomerization of the 
dodecylperoxy radical to form a dodecylhydroperoxy radical.  If the hydrogen shifts 
from the primary carbon to the peroxy radical portion on the secondary carbon (the 
Livermore model does not include a hydrogen shift from the primary carbon for 
6-dodecyl radical), then the traditional low-temperature reactivity pathway will 
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always yield formaldehyde.  This is because the subsequent step is O2 addition to the 
alkyl radical portion on the primary carbon of dodecylhyderoperoxy radical to form 
peroxydodecylhydroperoxy radical, followed by cleavage of the peroxy bond attached 
to the secondary carbon to yield a hydroxyl radical, plus a hydrogen shift from 
hydrogen on the secondary carbon to the peroxy radical portion attached to the 
primary carbon, yielding a ketohydroperoxide.  In the Livermore model, only one 
decomposition reaction is included for each ketohydroperoxide isomer.  A hydroxyl 
radical is yielded from cleavage of the peroxy bond on the primary carbon, and 
cleavage of the bond between the carbon adjacent to the primary carbon and the 
carbon two removed from the primary carbon occurs, yielding formaldehyde and 
either a C11 alkanoyl radical (if the 2-dodecyl radical was produced) or else a C11 
oxoalkyl radical isomer.  C11 alkanoyl radical decomposes to CO and a C10 alkyl 
radical; C11 oxoalkyl radical decomposes to, depending on either of the three oxoalkyl 
isomers, C9 alkyl radical and ketene, or C8 alkyl radical, CO and ethene, or C7 alkyl 
radical, ketene and ethene.   
From the four ketohydroperoxides, the CH2O:CO yield is 2:1, correlating with 
the observation that CH2O was observed significantly greater than CO. Considering 
the lean conditions of these experiments, the C7-C10 alkyl radicals are likely to 
undergo a branching path similar to that of the C12 alkyl radical, and thus the path 
leading to more formaldehyde may occur again.  O2 consumption levels suggest that 
5 ppm O2 was consumed for 1 ppm n-dodecane, implying that several layers of 
oxidation occurred.  Further supporting this suggested path, ethene was the dominant 
alkene observed, at 640 and 700 K, and although ketene was not observed, acetic acid 
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was measured in significant quantities and was a major intermediate from ketene 
oxidation in a subatmospheric static reactor at 553-713 K (Michaud et al., 1968).  In 
general, the measured intermediates suggest that in the critical low temperature 
branching pathway for n-dodecane, the key reaction path may be hydrogen 
abstraction from a secondary carbon followed by molecular oxygen addition and then 
internal hydrogen shift from the primary carbon. 
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Figure 7.19: Select critical low temperature n-dodecane oxidation pathways.  All 
reactions are from the Livermore model. 
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7.5 Closure 
 The intermediate species produced from n-dodecane oxidation at lean, dilute 
mixtures and elevated pressure in the low temperature regime in a pressurized flow 
reactor were measured.  These speciation results are unique in that they include 
temperatures as low as the NTC regime for a prototypical jet fuel component.  While 
many species were measured in trace amounts, the results indicated carbon oxides 
(CO and CO2), light aldehydes (formaldehyde, acetaldehyde, and propanal), C12 
alkylated tetrahydrofurans (2-propyl-5-iso-pentyltetrahydrofuran and two other 
incompletely identified isomers), lactones (5-methyl-dihydro-2(3H)-furanone and 
dihydro-2(3H)-furanone), and alkenes (ethene and 3-dodecene) are sufficient to 
capture at least 55% of the n-dodecane decomposition throughout the low 
temperature regime.  Pathways for the production of lactones include cleavage of the 
peroxy bond in C4H7OOOH to yield dihydro-2(3H)-furanone and a hydroxyl radical, 
and cleavage of the peroxy bond in C4H5OOOH to yield the unsaturated lactone, 
2(3H)-furanone, and hydroxyl radical.  The Livermore and Milano models were 
compared to the results and captured most trends.  In the low temperature branching 
pathway from Livermore, a reaction path was identified (hydrogen abstraction from a 
secondary carbon followed by molecular oxygen addition and then internal hydrogen 
shift from the primary carbon) which would, if more active, predict the measured 
intermediate species.  Ultimately, the experiments provide benchmark data for the 
refinement of n-dodecane and surrogate jet fuel models. 
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK 
 
 
 
8.1 Introduction 
 This study investigated the low and intermediate temperature oxidation of 
n-decane and n-dodecane for use as surrogate components for petroleum and natural 
gas derived jet fuel.  n-Decane and n-dodecane, based on their chemical structure and 
molecular weight, were chosen to represent the linear alkanes found in real fuels, 
such as petroleum and natural gas derived jet fuel.  The pressurized flow reactor was 
used to conduct the oxidation experiments of the hydrocarbons under lean, dilute 
conditions at temperatures of 550-830 K and 8 atm pressure.  In order to identify the 
branching pathways controlling autoignition, intermediate species produced during 
the low and intermediate temperature oxidation of neat n-decane and n-dodecane 
were identified and quantified.  The experimental results were also compared to 
chemical kinetic models.   
 This research will aid in the overall development and use of chemical kinetic 
models that are necessary to simulate combustion characteristics of gas turbines and 
CI engines operating with jet fuels.  The simulations will aid in efforts to improve 
fuel efficiency, emissions, and power output.  The results of this research are 
summarized in this chapter.  Recommendations for future work are also discussed. 
 
 
8.2 Concluding Remarks 
 The initial component of this study was to examine the intermediate species 
produced during the low and intermediate temperature oxidation of neat n-decane in 
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the pressurized flow reactor facility utilizing the controlled cool down methodology 
to identify the branching pathways controlling autoignition.  CO, a key indicator of 
reactivity, was produced at significant levels at temperatures as low as 615 K.  The 
maximum CO production was approximately 1800 ppm at 700 K.  Additionally, a 
negative temperature coefficient region was observed from 700-800 K.  Reactivity, 
based on CO production, ceased at approximately 795 K.  Several major intermediate 
species were positively identified.  The aldehydes were propanal, butanal, pentanal, 
hexanal, and heptanal.  Formaldehyde is to be expected as a major intermediate;  
however, it was not identified.  The alkenes included ethene, propene, 1-butene, 
1-pentene, and 1-hexene.  The abundance of ethene can be explained by the addition 
of O2 to a decyl radical which produces the alkylperoxy radical C10H21O2 (RO2).  If 
this reaction proceeds one path is C10H21O2 isomerization to form the QOOH radical.  
This C10H21O2 (as the isomer QOOH) may further react via O2 addition to form the 
dihydroperoxide C10H21O4 (OOQOOH).  This is the pathway to produce C10H21O4 in 
Bikas and Peters (2001), which is ultimately responsible for production of ethene.  
The major alkane was n-decane.  Two decene isomers, 5-decene and 4-decene, were 
also identified, along with 2-butanone and 2-pentanone and several cyclic ethers. 
 The next phase of the study explored four experiments describing the 
oxidation of n-dodecane in the pressurized flow reactor utilizing the controlled cool 
down methodology.  Each experiment was conducted at a different lean equivalence 
ratio ranging from 0.23-0.88.  The focus of this particular phase of the study was to 
acquire reproducible reactivity mapping data from the oxidation of n-dodecane 
throughout the low and intermediate temperature regime, to extract samples during 
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the oxidation process in order to identify and quantify the intermediate species 
produced, and to compare the experimental data to an existing chemical kinetic 
model. 
 The reactivity maps showed the same general trends among the different 
experiments, with CO production increasing with richer equivalence ratio as 
expected.  n-Dodecane exhibited NTC behavior characteristic of smaller linear 
alkanes – increasing reactivity at approximately 600-700 K, followed by decreasing 
reactivity at approximately 700-850 K.  For all experiments, production of CO2 
followed the trend of CO at about 1/3 the level.  O2 levels reached a minimum when 
reactivity was highest around 700 K, as expected. Furthermore, the detailed species 
evolution data were compared at the different equivalence ratios.  The production of 
C2-C12 alkenes and C3-C7 aldehydes showed similar patterns between the different 
experiments, with the Moderate and High Phi experiments producing higher 
concentrations of these intermediates compared to the Low Phi, as expected with their 
richer mixtures.  Alkenes smaller than C12 were only produced as 1-alkene isomers, 
but several C12 alkene isomers were produced, particularly at 750-850 K.  The Low 
Phi experiment produced higher concentrations of C12 ketone-substituted iso-dienes, a 
C17 ester-substituted cyclic ether, and a C7 alkyl-substituted furan than the Moderate 
and High Phi experiments.  Ketones, lactones, and an enone were also measured.  
Calculations using the Milano model were carried out at Moderate Phi experimental 
conditions and compared to the experimental results.  The model underpredicted the 
reactivity of n-dodecane at these temperatures, and correspondingly underpredicted 
carbon oxides production and overpredicted O2 levels. 
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 Many intermediate species were identified and quantified during both the 
n-decane and n-dodecane CCD experiments, however, the overall low carbon 
balances obtained makes detailed reaction pathway analysis beyond general trend 
information difficult.  Identifying and quantifying the intermediates from higher 
molecular weight species is a difficult problem that generally leads to low carbon 
balances.  Nevertheless, the presented branching pathways will be useful for the 
improvement and advancement of the chemical mechanisms for n-decane and 
n-dodecane in the low and intermediate temperature regime at elevated pressure. 
 The study then explored the cause of the low carbon balance during the 
n-decane and n-dodecane experiments.  Several experiments were conducted to test 
whether the CCD methodology was adequate for studying the low temperature 
behavior of high molecular weight hydrocarbons such as n-decane and n-dodecane.  
The experimental tests revealed that the CCD methodology was causing problems 
with intermediate species measurements due to the storage of samples prior to 
analysis.  The PFR facility was updated with a direct transfer connection for quickly 
analyzing combustion samples with the analytical chemistry facility.  Although the 
previous setup, utilizing a heated sample storage cart to store the samples from the 
reactor and inject them into the analytical chemistry facility, produced successful 
results in studying lighter hydrocarbons, recent experiments studying n-decane and 
n-dodecane yielded low carbon balances.  Thus, the storage cart was replaced with a 
direct transfer connection, and a new methodology, the direct transfer controlled cool 
down (DT-CCD), was developed to inject each sample into the analytical chemistry 
facility.  The results showed that the overall carbon balance for the DT-CCD 
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experiment was greater than 80%, compared to the CCD methodology which gave 
carbon balances as low as 20%. 
 After the successful development and testing with the DT-CCD methodology, 
the study examined the reactivity during n-dodecane oxidation.  Three experiments 
were conducted in the pressurized flow reactor over the temperature regime 
(550-830 K) at elevated pressure of 8 atm and a lean equivalence ratio of 0.23.  
n-Dodecane exhibited negative temperature coefficient (NTC) behavior such that fuel 
reactivity peaked around 700 K and then decreased with increasing temperature.  
Samples were extracted at a residence time of 120 ms and stable intermediates were 
analyzed utilizing the GC/MS/FID.  While a range of species were observed, a 
significant portion of n-dodecane decomposition was attributed to a select few 
species.  These major intermediates included carbon oxides (CO and CO2), light 
aldehydes (formaldehyde, acetaldehyde, and propanal), C12 alkylated tetrahydrofurans 
(2-propyl-5-iso-pentyltetrahydrofuran and two other incompletely identified isomers), 
lactones (5-methyl-dihydro-2(3H)-furanone and dihydro-2(3H)-furanone), and 
alkenes (ethene and 3-dodecene).  For the experiments reported, carbon balances 
were 80-110%, and oxygen balances were 97-101%. 
 The experimental results were compared to three chemical kinetic models.  
The models captured the NTC behavior; however, discrepancies in measured 
formaldehyde, several light unsaturated species, and carbon monoxide indicate areas 
for model improvement.  Additionally, neither model included the production of 
lactones.  Suggested pathways for the improvement and advancement of chemical 
kinetic models to predict lactone production are: the cleavage of the peroxy bond in 
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C4H7OOOH to yield dihydro-2(3H)-furanone and a hydroxyl radical; and the 
cleavage of the peroxy bond in C4H5OOOH to yield the unsaturated lactone, 2(3H)-
furanone, and hydroxyl radical.   
 An investigation of the critical low-temperature reactivity pathway suggests 
an interesting mechanism that, if highly active, would yield high concentrations of 
formaldehyde.  If the 2-, 3-, 4, or 5-dodecyl radical is produced and followed by O2 
addition, the next step is internal hydrogen isomerization of the dodecylperoxy radical 
to form a dodecylhydroperoxy radical.  If the hydrogen shifts from the primary 
carbon to the peroxy radical portion on the secondary carbon then the traditional low 
temperature reactivity pathway will always yield formaldehyde.   
 From the four ketohydroperoxides, the CH2O:CO yield is 2:1, correlating with 
the observation that CH2O was observed significantly greater than CO.  Further 
supporting this suggested path, ethene was the dominant alkene observed, at 640 and 
700 K.  In general, the measured intermediates from the experiments suggest that in 
the critical low temperature branching pathway for n-dodecane, the key reaction path 
may be hydrogen abstraction from a secondary carbon followed by molecular oxygen 
addition and then internal hydrogen shift from the primary carbon. 
 
8.3 Recommendations for Future Work 
 Significant work has been completed and presented about the understanding 
of the oxidation of n-decane and n-dodecane.  However, the combustion chemistry 
that is occurring in the low and intermediate temperature regime is not a 
straightforward and simple process.  With high molecular weight hydrocarbons, the 
oxidation chemistry is very complex.  This study presents data to aid in the 
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understanding of the complex oxidation processes.  Some selected recommendations 
for future work are presented as follows. 
 (1) This research showed success using the DT-CCD methodology to conduct 
oxidation experiments with n-dodecane.  As mentioned, the overall carbon balance 
increased from 20% to over 80% utilizing this methodology.  It is recommended that 
other high molecular weight hydrocarbons should be studied with the new 
methodology.  For example, the n-decane experiment previously mentioned was a 
first attempt at identifying reaction pathways, but a n-decane experiment with a 
carbon balance close to 100% would be more advantageous. 
 (2) Analysis of the n-dodecane experiments with the DT-CCD methodology 
revealed that summing only a few major species accounted for 55-80% of the initial 
carbon, depending on the temperature.  The major intermediates included carbon 
oxides (CO and CO2), light aldehydes (formaldehyde, acetaldehyde, and propanal), 
C12 alkylated tetrahydrofurans (2-propyl-5-iso-pentyltetrahydrofuran and two other 
incompletely identified isomers), lactones (5-methyl-dihydro-2(3H)-furanone and 
dihydro-2(3H)-furanone), and alkenes (ethene and 3-dodecene).  Interestingly, 
depending on the temperature of the extracted sample, formaldehyde contributed up 
to 30% of the total carbon.  This result shows that the destruction of n-dodecane 
favors many smaller intermediate species.  Since the residence time was held constant 
at 120 ms during all of the experiments, it is recommended that the residence time 
should be decreased to observe the early stages of reaction to identify key initial 
reaction paths, and to investigate if n-dodecane favors fragmentation of higher 
molecular weight species at shorter residence times. 
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 (3) In order to reduce the experimental uncertainty in the measurements of 
intermediate species produced, the mass flow controllers should be replaced with 
units that provide more accurate control.  Currently, the Porter mass flow controllers, 
which control the flow of nitrogen, nitrogen dilution for fuel, and oxygen, have an 
experimental uncertainty of +/- 1% full scale.  It is recommended that the mass flow 
controllers should be replaced with Alicat Scientific mass flow controllers.  Alicat 
Scientific offers mass flow controllers with a high accuracy calibration option of 
0.4% of reading + 0.2% of full scale.  For application with the PFR, experimental 
uncertainty associated with gas control could drastically be reduced.  For example, 
the current Porter mass flow controller, model 202SSVE, for oxygen is a 50 SLPM 
full scale unit.  With the parameters set during the operation of a PFR experiment, the 
associated reading and uncertainty in the mass flow rate is 8.0 +/- 0.5 SLPM.  If the 
mass flow controller was updated with an Alicat Scientific mass flow controller, such 
as model MC-10SLPM, the associated reading with uncertainty is 8.0 +/- 
0.052 SLPM.  Since reproducibility is a concern with experiments conducted in the 
PFR, it is recommended that the mass flow controllers be updated. 
 
 
8.4 Closure 
 This study presented current research regarding the oxidation of n-decane and 
n-dodecane for use as surrogate components to study real jet fuels.  Overall, the 
research presented will aid in the development and continued refinement of chemical 
kinetic models for n-decane and n-dodecane that will be employed for simulating 
combustion characteristics of gas turbines and CI engines while ultimately improving 
such traits as fuel efficiency, emissions, and power output. 
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APPENDIX A: GENERAL OPERATING PROCEDURE FOR THE 
PRESSURIZED FLOW REACTOR DURING A CONTROLLED COOL 
DOWN (CCD) AND DIRECT TRANSFER CONTROLLED COOL DOWN 
(DT-CCD) EXPERIMENT 
 
 
 
CAUTION!!! 
Read through the entire operating procedure before operating the pressurized 
flow reactor.  Air flow needs to be flowing through the system any time a heater 
is turned on. 
 
A.1 General Operating Procedure for the Pressurized Flow Reactor During a 
Controlled Cool Down (CCD) Experiment 
 
 
Air Flow Control 
1.) Make sure there is air pressure.  Around 80 psi during entire experiment. 
2.) Turn on power supply for the controls. 2 red switches.  (See Figure A.1) 
3.) Turn on flow controller. (See Figure A.2) 
4.) Turn on SV-5 switch for the air flow controller.   
5.) Turn on and adjust flow controller to 50.5. 
 
Heating 
Note: ALWAYS make sure there is flow before turning on any heater!!! 
1.) Turn on all 3 breakers.   
2.) Every 10-20 minutes increase the 10 kW controller 20 °C.  Stop at desired 
temperature and do not exceed 427 °C.  To adjust temperature, press 
adjustment button on controller.  Note:  If temperature does not increase on 
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temperature controller, make sure the red limit light on the overtemp 
controller is not illuminated.  If it is, press the reset button on the controller.    
3.) Every 40-50 minutes increase the 3 kW heater controller 5%.  Do not 
increase over 70%. 
4.) Turn on the inlet, test, and outlet bead heaters at approximately 100 °C.  
Note:  Not all of the bead heaters need to be turned on at this time.  The bead 
heaters heat up very quickly.  For example: Turn on one bead heater for each 
inlet, test, and outlet area.  Then turn that one off after some time has passed; 
30 minutes.  Turn on a different bead heater for the area being heated.  Only 
turn on bead heaters that are required to reach the sample probe thermocouple 
temperature.  Table A.1 is a detailed heater warm-up schedule. 
5.) Open water supply valve for the Mokon Duratherm HTP water supply. 
6.) Turn on Mokon Duratherm HTP water heater when PFR temperature is 
approximately 100 °C.  
7.) Turn on heater for the transfer sample line elbow (Variac controller).  
Increase slowly to 40% to reach desired temperature of approximately 200 °C. 
8.) Turn on heater for the sample line (CIC Photonics controller) when the flow 
reactor is at approximately 200 °C.  Try to stabilize the sample line at around 
190 °C or desired temperature.  Note: If the temperature of the sample line 
will not reach 190 °C, increase the percentage of the Variac controller.   
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The following can be done 1-2 hours before final temperature is reached.   
9.) Connect the liquid nitrogen tanks (gas use) and oxygen bottles to the 
manifold lines. 
10.) Open manifold and all necessary valves. 
11.) Verify that the regulated pressures are adjusted properly.  For the nitrogen 
gas: 300 psi regulated/350 psi gauge.  Nitrogen for the fuel dilution: 310 psi 
regulated/350 psi gauge.  Oxygen: 420 psi regulated/2400 psi gauge.  Gauge 
pressures are approximate and quoted for a new tank/bottle.     
12.) Follow this heating procedure until desired temperature is reached 800 K. 
 
Pre-Experiment 
1.) Make sure the nitrogen and oxygen bottles are connected to the manifold 
lines. 
2.) Change reactor conditions temperature on the Experiment Design Excel 
spreadsheet.  This is the temperature that the sample probe tip thermocouple is 
at.  The following “set” values are from the Experimental Design Excel 
spreadsheet for the fuel calibration set point section. 
3.) Read nitrogen set point. 
4.) Turn on nitrogen flow controller SV-2 switch.  
5.) Set proper flow for nitrogen. 
6.) Turn air flow controller to zero. 
7.) Turn air flow controller SV-5 switch off. 
8.) Read nitrogen fuel set from Experimental Design Excel spreadsheet. 
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9.) Set proper flow for nitrogen fuel. 
10.) Turn on nitrogen fuel bead heaters. 
11.) Pressurize the flow reactor to 8 atm. 
Note:  At this point in time only nitrogen is flowing through the reactor. 
Clean/Calibrate the CO/CO2/O2 Detector 
 Note: Level 1 code is 111 and Level 2 code is 222 
1.) Disconnect sample line here.  (See Figure A.3. #1) Sample line should remain 
unconnected while preheating the PFR.  This allows the detector to be flushed 
out with ambient air.  This also allows the pump to run.  If flow is restricted, a 
fault will be present and the pump will stop running.  Make sure no faults are 
present.  See Ultramat 23 operating manual for more information about faults. 
2.) Connect small nitrogen line to here.  (See Figure A.3. #1) 
3.) Open green valve on small nitrogen line.  This will allow low pressure 
nitrogen to enter the analyzer.  Adjust metering valve for a flow rate of 1.5 
L/min. (See Figure A.3, #2)  
4.) Follow the procedure in the Ultramat 23 operating manual, page 5-23, to zero 
O2 channel. 
   
5.) Turn the green nitrogen line valve off.   
6.) Remove nitrogen line. 
 
7.) Autocal should be performed with Ultra Zero Grade compressed air.  Connect 
air line to here. (See Figure A.3, #3) 
8.) Press CAL on analyzer and adjust air flow to 1.5 L/min by using the pressure 
regulator on the compressed air bottle.  Note:  Less than 2 psi is needed.   For 
more information on autocal, refer to the Ultramat 23 operating manual.   
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9.) Remove air line after autocal is complete. 
10.) Reinstall sample line before the start of the experiment. 
 
11.) Adjust flow meter ball to 1.5 L/min by turning the metering valve.  (See 
Figure A.3, #2)  
 
Filling Syringe Pump with Fuel 
1.) Find fuel flow rate.  This is done by using the Total Hydrocarbon Analyzer or 
theoretically with the Experimental Design Excel spreadsheet.   
2.) Calculate how much fuel (approximately 100-200 mL) is needed for the 
experiment.  Possibly 2 hours worth.  (See Figure A.4) 
3.) Attach funnel to syringe pump, if funnel is not already attached. 
4.) Check to see if old fuel is in pump.   
5.) If yes, remove old fuel.  Disconnect fuel line and press run on pump to 
remove fuel.  Dispose of old fuel in an approved waste fuel container.   
6.) Suck out remaining fuel with fuel vacuum pump. 
7.) Now perform the flush and suck method to clean syringe pump.  Put fuel in 
the funnel. Press refill on pump.  Stop when funnel is empty.  Press run to 
empty fuel/flush.  Suck remaining fuel/flush out with the fuel vacuum pump.  
Repeat this 2-3 times or until all of the old fuel is removed.   
8.) Fill pump with the correct amount of fuel. 
9.) Change flow rate to around 10 mL/min. 
10.) Purge pump by removing fuel line and press run until fuel starts to exit the 
pump. 
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11.) Connect fuel line to the pump. 
12.) Make sure black outlet valve is opened on pump. 
13.) Set the appropriate fuel flow rate.      
14.) Open oxygen bottles and oxygen manifold valve.  Note: 420 psi 
regulated/2400 psi gauge (new bottle). 
15.) Open SV-4 oxygen switch. 
16.) Adjust oxygen flow rate with flow controller.  The appropriate value is from 
the Experimental Design Excel spreadsheet.   
17.) Readjust pressure of the flow reactor if necessary to 8 atm.   
18.) Readjust the nitrogen flow rate to the experimental set value from the 
Experimental Design Excel spreadsheet.   
19.) Press run on the fuel syringe pump.  Make sure the fuel flow rate is properly 
set.  Let the fuel flow enough time to clear the fuel line from any fuel that was 
in it from previous experiments.  Approx. 10 minutes.  Make sure the reactor 
pressure is set to 8 atm.   
 
Software Preparation 
1.) Make a new folder.  Copy the old data from previous experiment and paste 
into new folder.  
2.) Open PFR control.  This is a LabView program.   
3.) Click on Initialize System tab.  Click run.  No errors should be present.   
4.) Click Probe Control tab.  Move bar to on.  Click run.  Note:  Green online 
light should illuminate.   
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5.) Move probe into design point.  First notice the temperature of the sample 
probe.  It should be around 800 K.  Type this temperature into the 
Experimental Design Excel spreadsheet’s reactor conditions.  Then note the 
probe position’s experimental set point from the spreadsheet.  The initial 
position of the probe should be greater than this set point.  For example, if the 
spreadsheet calculates the position to be 31.275 cm, put the probe at 32.0 cm.  
To move the probe, set slider bar to move, in, adjust how much to move, then 
click run.  Note:  Wait until probe stops moving; i.e. this is when the numbers 
on the Daedel positioning controller stop changing. 
6.) Click Probe Automove tab.  Enter the residence time (from the reactor 
conditions), total flow rate (make sure this is total flow rate), and the 
maximum allowed position change (set to 2 at this time).  Click “check mark” 
to enter values.   
7.) Click on the Flow Controller Setpoints tab.  Adjust flow controller setpoints.  
Click “check mark” to enter values.   
8.) Go under Operate menu.  Check “log data at completion” is selected.   
9.) Go under Operate menu.  Data logging. Log.  If nothing shows up, clear the 
log file binding.  Then repeat 9.   
10.) Click rawlog.txt.  Make sure you are in the right folder.  Then delete.  Keep 
 this name, then save.   
11.) Click Probe Automove tab.   
12.) Make sure syringe pump is injecting fuel into the reactor and that sufficient 
 time has passed to allow old fuel to be removed from the line. 
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13.) Before continuing, make sure the PFR sample probe temperature has 
 stabilized.  Also, make sure the nitrogen fuel bead heaters are up to 
 temperature (approximately 400 °C or desired temperature).   
14.) Click continuous run in LabView PFR Auto Control.   
15.) Change the maximum allowed position change to 0.2, once the position 
change fluctuation decreases (this may take 10 seconds or so.)  Click “check 
mark” to enter the number.       
16.) Turn off the 10 kW and 3 kW heaters.  Also, make sure the inlet, test and 
 outlet bead heaters are off.  Note:  Leave the nitrogen fuel heater and 
breaker on.   
17.) Control the pressure of the reactor around 8 atm during the controlled cool 
 down experiment. 
 
Data Collection After Controlled Cool Down 
1.) Stop the fuel flow. 
2.) Turn off nitrogen fuel heater and nitrogen fuel flow. 
3.) Turn off oxygen flow controller, then SV-4 oxygen switch. 
4.) Stop PFR Auto Control. 
5.) Open PFR Datalogger.  (Currently on the desktop)  Click run.  Click 
convertedlog.csv (make sure this is the right file and folder!  This is the file 
that was copied in step 1 of the Software Preparation.)  Delete this file.  Use 
name.  Click OK.  Click large red Done button to finish.   
6.) Open convertedlog.csv.  Select all of the data.  Copy. 
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7.) Open CCD Data Analysis X.xls.  Go to log on the lower tab in Excel.  Paste 
this data over the old.  Click save as, save. 
8.) Close PFR Data Logger. 
   
Shut Down Procedure 
1.) Move probe back to the home position.  Click Probe Control in PFR auto 
control program.  Move slider to off, click run.  Move slider to on, click run.  
Make sure probe positioning table has stopped.  The Daedel controller should 
read zero.  Move to off, click run.   
2.) Close valve for fuel on the syringe pump.   
3.) Turn off transfer sample line heater. 
4.) Turn off the heater for the probe/transfer sample line, grey Variac.   
5.) At about 250 °C, gradually lower the pressure to 1 atm. 
6.) Turn off Mokon Duratherm HTP at less than 100 °C.  The Mokon Duratherm 
HTP can be left on for several hours, if needed.  Make sure the blue water 
supply valve is turned off.  
7.) Turn SV-5 air switch on.  Adjust air with the flow controller and set to 40.  
Switch nitrogen SV-2 switch off.  Turn nitrogen flow controller setpoint to 
zero.     
8.) Make sure the date and name are changed on the Experimental Design Excel 
spreadsheet.  Click save as, save.   
9.) Turn pressure building valve off on the nitrogen tanks. 
10.) Turn the nitrogen tanks and manifold off. 
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11.) Turn the oxygen tanks and manifold off.   
12.) Once the reactor cools down to around room temperature 24 °C, turn off the 
 airflow SV-5 switch. 
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A.2 General Operating Procedure for the Pressurized Flow Reactor During a 
Direct Transfer Controlled Cool Down (DT-CCD) Experiment 
 
 
 The general CCD PFR operating procedure, as outlined in Section A.1, is 
followed except for steps 8-10 and 16 in the Software Preparation section and steps 
5-7 in the Data Collection After Controlled Cool Down section.  Steps 8-10 in the 
software preparation section and steps 5-7 in the data collection section are omitted at 
this time since data collection for CO/CO2/O2 are manually monitored.  There has 
been an intermittent flaw with the PFR computer running LabView for extended 
periods of time.  The PFR computer would “crash” and the data would be lost.  
Therefore, it was decided to manually record the CO/CO2/O2 data, since this was a 
relatively easy task with minimal risk of data loss.  Step 16 in the software 
preparation section is omitted since the heaters are continuously on during a DT-CCD 
methodology experiment.  Section A.2.1 lists specific operating instructions for a 
DT-CCD experiment.  
 
A.2.1 Specific Operating Procedure for DT-CCD Methodology 
 
 
1.) Follow procedure for CCD methodology outlined in Section A.1, except for 
the previously mentioned omissions.  
2.) The flow path of the extracted sample at the inlet of the GC auxiliary zone is 
shown in Figs. A.5 and A.6.     
3.) To direct a sample into the GC/MS/FID, Valves 1 and 2 are in the open 
position and Valve 3 is initially closed. 
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4.) Open the vacuum control valves to create a vacuum by utilizing the vacuum 
pump which is connected to the 1-mL sample storage loop inside the heated 
auxiliary zone of the GC.   
5.) Open Valve 3 to flush out the 1-mL sample loop inside the heated auxiliary 
zone. 
6.) Close the vacuum control valve and fill the loop with sample gas.  The sample 
loop fills almost instantaneously since the flow rate from the PFR is set to 
1.5 L/min. 
7.) Close Valve 3 and set the injection pressure of the 1-mL loop to 570 Torr.  Set 
the injection pressure by metering off excess pressure to the GC vacuum 
pump via the precision metering valve. 
8.) Keep Valve 1 and 2 open to allow the sample to flow to the CO/CO2/O2 
detector for continuous monitoring. 
9.) While the first sample is being analyzed by the GC/MS/FID system 
(Figure A.7), cool the PFR by adjusting the set-points of the heaters down to 
reach the next desired sample collection temperature point.  Table A.2 shows 
the heater set points for the inlet, test, and outlet bead heaters and the 10 kW 
and 3 kW air circulation heaters to reach a steady state sample temperature.  
This cooling process is repeated until the last sample is collected, typically 
around 550-600 K. 
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A.3 Typical PFR Heater Set-Points 
 Table A.1 is a typical 10 kW and 3 kW heater schedule.  At the start of each 
PFR experiment the 10 kW is set to 40 °C and the 3 kW set to 6 %.  The 10 kW 
heater is increased by 20 °C every 15-20 minutes and the 3 kW is increased by 
5 %every 40-50 minutes.  Having the warm-up process follow this schedule, both 
heaters will reach their safe maximum operating temperature at approximately the 
same time.  The maximum safe operating parameter of the 10 kW heater is 427 °C 
and the 3 kW heater is 70 %.  Each of the bead heaters are turned on separately 
throughout the warm-up process.  The Duratherm HTP sample probe water 
temperature controller can be turned on when the temperature of the PFR is at 
100 °C.  The Duratherm HTP is turned on at 100 °C to prevent the water inside the 
sample probe from boiling.  The nitrogen is introduced into the PFR at around 800 K 
and the nitrogen fuel bead heaters are turned on.  When the nitrogen is first 
introduced, the sample probe temperature will drop.  However, after a few minutes 
from when the nitrogen fuel bead heaters are turned on, the temperature will start to 
increase.  It is necessary to follow this schedule as closely as possible so that 
isothermal conditions are met.   
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Table A.1: Typical set-points for PFR heaters during warm-up phase.  
 
Time 10 kW (°C) 3 kW (%) Sample Temp (°C) Notes 
8:08 am 40 6 17.9  
8:28 60 --- 26.5  
8:45 80 11 28.2  
9:03 100 --- 37.0  
9:24 120 14 42.3 Inlet 1 on 
9:44 140 --- 82.9 Duratherm on 
9:58 160 18 104.4 Duratherm set to 50°C
10:14 180 25 126.2  
10:41 200 --- 156.0  
11:11 220 32 179.4 Test 1 on 
11:28 --- 38 202.0  
11:52 240 --- 232.0 Inlet 2 on 
12:14 pm 260 44 286.7 Outlet 1 on 
12:39 280 50 340.0  
1:00 300 --- 373.8 Test 2 on 
1:15 320 55 410.5 Inlet 3 on 
1:40 340 --- 435.2  
2:02 360 60 455.2 Duratherm set to 90°C
2:20 380 61 473.6  
2:42 400 62 494.1  
3:03 410 --- 509.9  
3:19 --- 68 515.4  
3:25 415 69 533.4 Nitrogen on & heaters 
3:52 --- 70 536.5  
4:45 --- --- 557.6 Fuel sample stored 
5:00 410 66 562.9  
 
 
 
Table A.2: Heater set points to reach steady state sample temperature. 
 
Sample 
Temperature (K) Inlet (°C) Test (°C) Outlet (°C) 10 kW (°C) 3 kW (%)
830 679 670 570 405 65 
820 634 635 570 380 60 
775 587 585 567 365 52 
715 465 461 461 300 40 
670 420 413 406 260 34 
600 361 356 352 230 32 
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A.4 Pictures and Schematic of Selected PFR Facility Components 
 
 
 
 
Figure A.1: Picture of PFR controllers with arrows identifying main power 
supply control switches. 
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Figure A.2: Picture of PFR computer with the arrow identifying the PFR mass 
flow controller. 
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Figure A.3: Picture of sample connections to the CO/CO2/O2 detector. 
 
 
 
1 32 
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Figure A.4: Picture of the ISCO Model 500D fuel syringe pump. 
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Figure A.5: Picture of the extracted sample flow path from PFR to the inlet of 
the GC/MS/FID heated auxiliary zone. 
 
 
 
Valve 1
Valve 3
Valve 2 
FID 
Vacuum 
control 
valves 
Heated Auxiliary Zone
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On/Off 
Valve 1
On/Off 
Valve 3
On/Off 
Valve 2
PFR 
Sample Line
CO/CO2/O2 
Detector
Cross
GC/MS/FID Inlet
Direct access port to 
GC/MS/FID.  Port sealed   
during experiments.  
 
Figure A.6: Schematic of the extracted sample flow path from PFR to the inlet of 
the GC/MS/FID heated auxiliary zone. 
 
 
 
               
 
Figure A.7: Picture of the GC/MS/FID system with direct transfer. 
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APPENDIX B: ELUTION TIMES FOR SPECIES IDENTIFIED WITH GAS 
CHROMATOGRAPHY AND MASS SPECTROSCOPY 
 
 
 
 As mentioned in Chapter 3, the Thermo Finnigan TraceGC gas 
chromatograph with flame ionization detection (GC/FID) and the gas chromatograph 
coupled to the Thermo Finnigan TraceDSQ mass spectrometer (GC/MS) were used 
extensively throughout the course of this research.  For separation of the species, a 
Supelco Petrocol DH column (100 m length, 0.5 µm film thickness, 0.25 mm OD) 
capillary column was used in the GC.  The Supelco Petrocol DH column is designed 
with a stationary phase consisting of dimethylsiloxane.  Table B.1 lists the associated 
GC and MS parameters.  As noted in Table B.2, siloxane species were detected and 
originated from the stationary phase of the column.  With this particular design of the 
column, species are retained in order of boiling points, from lowest to highest. 
 The minimum detectable limit of the FID is ultimately determined by the area 
count.  FID area counts on the order of 10000 would yield a parts per million of 
approximately 1 ppm, depending on the carbon number of the species.  Table B.1 lists 
the chemical structure and elution times for positively identified species.  There were 
also many unknown species that eluted as well.  The GC program method with 
associated temperature ramping profile that was used to produce Table B.2 is named 
“Diesel Fuel-PetrocolDH100m-MS&FID-Ver1(decane)short 
about58min_scanseg_500mass.meth”. 
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Table B.1: Gas chromatograph and mass spectrometer parameters. 
 
Gas Chromatograph  Mass Spectrometer  
Initial Temperature -20 °C Ion Source Temp. 200 °C 
Initial Time 5 min Scan Range 10-500 amu/z 
Ramp 1 Rate 10 °C/min Scan Rate 500 amu/sec 
Ramp 1 Temperature 120 °C Multiplier Voltage 1969 V 
Ramp 1 Hold Time 0 min Ionization Mode Electron 
Ramp 2 Rate 5 °C/min Electron Energy -70 eV 
Ramp 2 Temperature 225 °C Emission Current 100 µA 
Ramp 2 Hold Time 0 min Chromatograph Filter 4 sec 
Ramp 3 Rate 2 °C/min   
Ramp 3 Temperature 245 °C   
Ramp 3 Hold Time 0 min   
Ramp 4 Rate 3 °C/min   
Ramp 4 Temperature 270 °C   
Ramp 4 Hold Time 0 min   
Post Analysis Temp. 275 °C   
Post Anal. Pressure 517 kPa   
Post Analysis Time 10 min   
Column Flow 1.7 mL/min   
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Table B.2: Elution times and chemical formula for species identified with 
GC/MS/FID system. 
 
 
Species 
 
Chemical 
Formula 
Elution 
Time 
(min) 
 
Species 
 
Chemical 
Formula 
Elution 
Time 
(min) 
nitrogen N2 9.65 
2-cyclohexen-1-
one C6H8O 28.58 
ethene C2H4 9.92 
dihydro-5-methyl-
2(3H)-furanone C5H8O2 28.66 
1,3,5 trioxane C3H6O3 10.61 
cyclohexane, 
ethyl- C8H16 29.01 
propene C3H6 11.04 tetrahydropyran C5H10O 29.05 
water H2O 11.60 trans-2-heptenal  C7H12O 29.19 
acetaldehyde C2H4O 13.07 phenol C6H6O 29.50 
1-butene C4H8 13.70 1-octen-3-one C8H14O 29.77 
2-butyne C4H6 13.81 
cisbicyclo[3.3.0] 
octane C6H14 29.89 
2-butene C4H8 14.40 
2-butyl-
tetrahydrofuran C8H16O 29.93 
ethylene 
oxide C2H4O 14.61 2-octanone C8H16O 30.11 
ethanol C2H6O 16.47 octanal C8H16O 30.45 
2-propenal C3H4O 16.64 
cyclotetrasiloxane, 
octamethyl- C8H24O4Si4 30.46 
propanal C3H6O 16.89 1-decene C10H20 30.53 
1-pentene C5H10 17.23 benzene, ethoxy- C8H10O 30.64 
2-pentene C5H10 17.88 
3-cyclohexene-1-
carboxaldehyde C7H10O 31.00 
1,3-
pentadiene C5H8 18.36 
2(3H)-furanone, 5-
ethyldihydro- C6H10O2 31.38 
1-buten- 
3-yne,  
2-methyl- C5H6 18.68 
4-cyclooctene-1-
carboxaldehyde C9H14O 31.51 
1,4-
pentadiene C5H8 18.74 
2-methyl-
cyclohexyl 
propionate C10H18O2 31.70 
cyclopentene C5H8 19.30 trans-2-nonenal C9H16O 31.86 
methyl vinyl 
ketone C4H6O 19.83 
cyclohexane, 
butylidene- C10H18 31.88 
butanal C4H8O 19.98 
n-butyl-
cyclohexane C10H20 32.01 
2-butanone C4H8O 20.17 cyclohexene, C10H18 32.39 
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4-butyl- 
acetic acid C2H4O2 20.22 1-decen-3-one C10H18O 32.42 
1-hexene C6H12 20.38 
cyclohexene,  
1-butyl- C10H18 32.61 
2-methylfuran C5H6O 20.54 2-nonanone C9H18O 32.78 
cis-2-hexene C6H12 20.82 4-nonanone C9H18O 32.91 
3-hexyne C6H10 21.27 nonanal C9H18O 33.14 
2-butenal C4H6O 21.52 
4a(2H)-
naphthalenol, 
octahydro-, trans- C10H18O 33.45 
2-propanone, 
1-hydroxy- C3H6O2 21.73 undecane C11H24 33.47 
methyl 
formate C2H4O2 21.90 
1,3-
cyclopentadiene, 
5,5-dimethyl-2-
propyl- C10H16 33.75 
methyl vinyl 
ether C2H6O 22.08 3-nonanone C9H18O 33.77 
4-penten- 
2-one C5H8O 22.24 cis-dodec-5-enal C12H22O 33.92 
3,3-dimethyl-
2,4-pentane 
dione C7H12O2 22.33 
oxa-cycloundec-8-
ene-2,7-dione C10H14O3 34.04 
2-methyl-
tetra-
hydrofuran C5H10O 22.40 
2(3H)-furanone, 
dihydro-5-propyl- C7H12O2 34.09 
ethyl vinyl 
ketone C5H8O 22.48 
cis-9-methyl-1-
decalone C11H18O 34.15 
2-pentanone 
 C5H10O 22.56 
2(3H)-
benzofuranone, 
hexahydro- 
7a-methyl- C9H14O2 34.34 
cyclopentane, 
methylene- C6H10 22.58 undecanoic acid C11H22O2 34.40 
pentanal C5H10O 22.76 
spiro[4_4]nonane, 
1-methylene- C10H16 34.42 
cyclohexene C6H10 22.78 
cyclohexanone,  
4-methyl- C7H14O 34.59 
1-heptene C7H14 23.05 2-decenal, trans- C10H18O 34.62 
2-ethylfuran C6H8O 23.11 
7-n-propyl-trans-8-
oxabicyclo[4_3_0]
nonane C11H20O 34.93 
2(3H)-
furanone, 5-
butyldihydro- C8H14O2 23.17 5-methylundecane C12H26 35.15 
2-methyl- 
2-pentenal C6H10O 23.28 
1-cyclopentene-1-
methanol, 2- C10H18O 35.29 
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methyl-5-(1-
methylethyl)- 
2,5-
dimethyltetra
hydrofuran C6H12O 23.44 3-methylundecane C12H26 35.42 
2,3-
butanedione C4H6O2 23.57 
cyclohexanol, 3-
methyl-2-(1-
methylethyl)-, 
(1à,2à,3à)- C10H20O 35.46 
3-penten- 
2-one C5H8O 23.78 2-decanone C10H20O 35.50 
trans-2-
pentenal C5H8O 24.13 cis-7-decen-1-al C10H18O 35.60 
1,4-dioxin, 
2,3-dihydro C4H6O2 24.19 
cyclohexanone,  
2-(2-butynyl)- C10H14O 35.69 
cyclohexene, 
4-methyl- C7H12 24.32 
1,3-isobenzo-
furandione, 
hexahydro-, trans- C8H10O3 35.86 
3-hexanone, 
4-methyl- C7H14O 24.34 3-dodecene C12H24 35.96 
cyclohexane, 
methylene- C7H12 24.42 
hexahydrobenzo[1
,3]dioxin-4-one C8H12O3 36.06 
butanoic acid C4H8O2 24.57 trans-3-dodecene C12H24 36.08 
4-penten- 
2-one,  
3-methyl- C6H10O 24.66 dodecane C12H26 36.15 
propyl vinyl 
ketone C6H10O 24.73 2-dodecene, (Z)- C12H24 36.52 
tetrahydrofura
n, 2-propyl- C7H14O 24.90 
2,2'-bifuran, 
octahydro- C8H18O2 36.95 
2-hexanone C6H12O 25.06 
2(3H)-furanone, 
dihydro-5-pentyl- C9H16O2 36.97 
3-tetrahydro-
pyranone C5H8O2 25.23 
cyclohexanone,  
2-butyl- C10H18O 37.04 
hexanal C6H12O 25.30 
5,6,7,7-
tetramethyl-octa-
3,5-dien-2-one C12H20O 37.16 
1-octene C8H16 25.52 
2,4,4,7-
tetramethyl-octa-
5,7-dien-3-one C12H20O 37.57 
oxirane, 
butyl- C6H12O 25.57 
2,5-dipropyl-
tetrahydrofuran C10H20O 37.91 
2-ethyl-5-
methyltetrahy
drofuran C7H14O 25.72 
6-(5-methyl-furan-
2-yl)-hexan-2-one C11H16O2 38.03 
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2-cyclo-
penten-1-one C5H6O 25.96 
2-propyl-5-
isopentyl-
tetrahydrofuran C12H24O 38.15 
Cyclo-
trisiloxane, 
hexamethyl C6H18O3Si3 26.14 
1-hydroxy-
cyclohexane-
carboxylic C7H12O3 38.23 
cyclohexene, 
3-ethyl- C8H14 26.45 
1-ethyl-
cyclohexanol C8H16O 38.48 
2-hexenal  C6H10O 26.57 
tetrahydrofuran, 2-
methyl-5-pentyl C10H20O 38.73 
2(3H)-
furanone,  
5-methyl- C5H6O2 26.79 trans-2-decenol C10H20O 39.21 
pentanoic 
acid C5H10O2 26.84 
1-pentadecene, 2-
methyl- C16H32 39.35 
1-hepten- 
3-one C7H12O 27.22 oxirane, dodecyl C14H28O 39.47 
2-methyl-
tetrahydro- 
2-furanol C5H10O2 27.32 
2(3H)-furanone, 5-
heptyldihydro- C11H20O2 39.79 
2(3H)-
furanone, 
dihydro- C4H6O2 27.53 
2-methyl-5-
undecanone C12H24O 40.38 
2-methyl-2-
cyclo-
pentenone C6H8O 27.57 3-dodecanone C12H24O 40.75 
ethyl-1-
propenyl 
ether C5H10O 27.66 
2-hexyl-
tetrahydrofuran C10H20O 40.84 
Cyclo-
hexanone C6H10O 27.70 5,8-tridecadione C13H24O2 43.27 
heptanal C7H14O 27.83 
2,5-hepta-
decadione C17H32O2 43.61 
1-nonene C9H18 28.00 2,5-octanedione C8H14O2 43.75 
oxirane, 
pentyl- C7H14O 28.13 
2-cyclohexen-1-
one C12H24O3 44.17 
2(5H)-
furanone,  
5-methyl- C5H6O2 28.25 
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APPENDIX C: ROP ANALYSIS GRAPHS FOR C12 ALKYLATED CYCLIC 
ETHERS FROM THE LIVERMORE MODEL  
 
 
 
 Only the detailed Livermore model included C12 alkylated cyclic ethers 
(Westbrook et al., 2009).  At 750 K, numerous isomers were produced by the 
decomposition of various alkylhydroperoxy radical isomers to yield the C12 alkylated 
cyclic ether isomer and a hydroxyl radical (L5883, L5885, L5886, L5887, L5888, 
L5889, L5890, L5965, L5967, L5968, L5969, L5970, L5971, L5972, and L5973), 
Figs. C.1-C.12.  At 830 K, the reduction in C12 alkylated cyclic ethers was partially 
attributed to the reversibility of those reactions.  Additionally, a competing pathway 
with the same reactants (C12 alkylated cyclic ether and hydroxyl radical) was 
significant at 830 K and yielded an alkene, an oxygenated radical, and H2O (e.g., 
L7681 and L7682 in Fig. C.2). 
 
 
-150 -100 -50 0 50 100
L5881: c12ooh1-3=c12o1-
3+oh
L5882: c12ooh3-1=c12o1-
3+oh
L7679: c12o1-3+oh=c11h22-
1+hco+h2o
L7680: c12o1-
3+oh=c2h4+nc9h19co+h2o
L7718: c12o1-3+ho2=c11h22-
1+hco+h2o2
L7719: c12o1-
3+ho2=c2h4+nc9h19co+h2o2
C12O1-3 net rate of production [%] 
640 K
700 K
750 K
830 K
 
 
Figure C.1: Net ROP for significant reactions producing C12O1-3, from the 
Livermore model. 
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-100 -80 -60 -40 -20 0 20 40 60
L5965: c12ooh1-4=c12o1-4+oh
L5966: c12ooh4-1=c12o1-4+oh
L7681: c12o1-
4+oh=ch2cho+c10h20-1+h2o
L7682: c12o1-
4+oh=c2h4+c8h17coch2+h2o
L7720: c12o1-
4+ho2=ch2cho+c10h20-1+h2o2
L7721: c12o1-
4+ho2=c2h4+c8h17coch2+h2o2
C12O1-4 net rate of production [%] 
640 K
700 K
750 K
830 K
 
 
Figure C.2: Net ROP for significant reactions producing C12O1-4, from the 
Livermore model. 
 
 
 
-100 -80 -60 -40 -20 0 20 40 60
L5883: c12ooh2-4=c12o2-
4+oh
L5884: c12ooh4-2=c12o2-
4+oh
L7687: c12o2-
4+oh=ch3co+c10h20-1+h2o
L7688: c12o2-
4+oh=c3h6+nc8h17co+h2o
L7726: c12o2-
4+ho2=ch3co+c10h20-
1+h2o2
L7727: c12o2-
4+ho2=c3h6+nc8h17co+h2o2
C12O2-4 net rate of production [%] 
640 K
700 K
750 K
830 K
 
 
Figure C.3: Net ROP for significant reactions producing C12O2-4, from the 
Livermore model. 
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-100 -80 -60 -40 -20 0 20 40 60
L5967: c12ooh2-5=c12o2-5+oh
L5968: c12ooh5-2=c12o2-5+oh
L7689: c12o2-
5+oh=ch3coch2+c9h18-1+h2o
L7690: c12o2-
5+oh=c3h6+c7h15coch2+h2o
L7728: c12o2-
5+ho2=ch3coch2+c9h18-1+h2o2
L7729: c12o2-
5+ho2=c3h6+c7h15coch2+h2o2
C12O2-5 net rate of production [%] 
640 K
700 K
750 K
830 K
 
 
Figure C.4: Net ROP for significant reactions producing C12O2-5, from the 
Livermore model. 
 
 
 
-100 -80 -60 -40 -20 0 20 40 60
L5885: c12ooh3-5=c12o3-
5+oh
L5886: c12ooh5-3=c12o3-
5+oh
L7695: c12o3-
5+oh=c2h5co+c9h18-1+h2o
L7696: c12o3-5+oh=c4h8-
1+nc7h15co+h2o
L7734: c12o3-
5+ho2=c2h5co+c9h18-
1+h2o2
L7735: c12o3-5+ho2=c4h8-
1+nc7h15co+h2o2
C12O3-5 net rate of production [%] 
640 K
700 K
750 K
830 K
 
 
Figure C.5: Net ROP for significant reactions producing C12O3-5, from the 
Livermore model. 
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-100 -80 -60 -40 -20 0 20 40 60
L5969: c12ooh3-6=c12o3-
6+oh
L5970: c12ooh6-3=c12o3-
6+oh
L7697: c12o3-
6+oh=c2h5coch2+c8h16-
1+h2o
L7698: c12o3-6+oh=c4h8-
1+c6h13coch2+h2o
L7736: c12o3-
6+ho2=c2h5coch2+c8h16-
1+h2o2
L7737: c12o3-6+ho2=c4h8-
1+c6h13coch2+h2o2
C12O3-6 net rate of production [%] 
640 K
700 K
750 K
830 K
 
 
Figure C.6: Net ROP for significant reactions producing C12O3-6, from the 
Livermore model. 
 
 
 
-100 -80 -60 -40 -20 0 20 40 60
L5887: c12ooh4-6=c12o4-
6+oh
L5888: c12ooh6-4=c12o4-
6+oh
L7703: c12o4-
6+oh=nc3h7co+c8h16-
1+h2o
L7704: c12o4-6+oh=c5h10-
1+nc6h13co+h2o
L7742: c12o4-
6+ho2=nc3h7co+c8h16-
1+h2o2
L7743: c12o4-
6+ho2=c5h10-
1+nc6h13co+h2o2
C12O4-6 net rate of production [%] 
640 K
700 K
750 K
830 K
 
 
Figure C.7: Net ROP for significant reactions producing C12O4-6, from the 
Livermore model. 
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-100 -80 -60 -40 -20 0 20 40
L5971: c12ooh4-7=c12o4-
7+oh
L5972: c12ooh6-9=c12o4-
7+oh
L7705: c12o4-
7+oh=nc3h7coch2+c7h14-
1+h2o
L7706: c12o4-7+oh=c5h10-
1+c5h11coch2+h2o
L7744: c12o4-
7+ho2=nc3h7coch2+c7h14-
1+h2o2
L7745: c12o4-
7+ho2=c5h10-
1+c5h11coch2+h2o2
C12O4-7 net rate of production [%] 
640 K
700 K
750 K
830 K
 
 
Figure C.8: Net ROP for significant reactions producing C12O4-7, from the 
Livermore model. 
 
 
 
-100 -80 -60 -40 -20 0 20 40
L5889: c12ooh5-7=c12o5-
7+oh
L5890: c12ooh6-8=c12o5-
7+oh
L7711: c12o5-
7+oh=nc4h9co+c7h14-
1+h2o
L7712: c12o5-7+oh=c6h12-
1+nc5h11co+h2o
L7750: c12o5-
7+ho2=nc4h9co+c7h14-
1+h2o2
L7751: c12o5-
7+ho2=c6h12-
1+nc5h11co+h2o2
C12O5-7 net rate of production [%] 
640 K
700 K
750 K
830 K
 
 
Figure C.9: Net ROP for significant reactions producing C12O5-7, from the 
Livermore model. 
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-250 -200 -150 -100 -50 0 50 100 150 200
L5973: c12ooh5-8=c12o5-
8+oh
L7713: c12o5-
8+oh=nc4h9coch2+c6h12-
1+h2o
L7752: c12o5-
8+ho2=nc4h9coch2+c6h12-
1+h2o2
C12O5-8 net rate of production [%] 
640 K
700 K
750 K
830 K
 
 
Figure C.10: Net ROP for significant reactions producing C12O5-8, from the 
Livermore model. 
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APPENDIX D: PFR FACILITY UPGRADES, MAINTENANCE, AND TESTS 
 
 
 
 Throughout the course of this research, several facility upgrades, replacement 
of parts, and facility tests were performed.  These upgrades, replacement of parts, and 
tests include an upgrade and replacement of the Ultramat 22P with an Ultramat 23, an 
upgrade and replacement of the Mokon hot water coolant controller with a Duratherm 
HTP control system, upgrades to the PFR and GC/MS/FID computers, replacement of 
components for the Trace DSQ mass spectrometer and Trace GC gas chromatograph, 
a maximum PFR operating temperature test and 3 kW sealing tube replacement, and 
testing of the fuel syringe pump.  The following sections are detailed descriptions of 
the performed upgrades, maintenance, and tests. 
 
 
D.1 Replacement and Upgrade of the Siemens CO, CO2, and O2 Gas Analyzer 
 The Siemens Ultramat 22P (7MB1123-1FF13-2AA1) analyzer was used 
online with the PFR to monitor CO and CO2 during the experiments.  There were 
several occasions where the analyzer would randomly go to 5535 ppm for the CO 
measurement.  When this would happen, the analyzer would be turned off and then 
turned back on.  Following the restart, the analyzer would function properly.  
However, the problem became more apparent during the actual cool down experiment 
on November 27, 2007 and it was decided that either the detector had to be fixed or 
replaced with a new unit.  Homer (phone # 713-939-3284) at Siemens technical 
support was contacted and he suggested trying to diagnose the problem.  He 
suggested checking the chopper motor for motion and the IR source for a warm 
feeling.  After checking both components, nothing was unusual.  Since the detector 
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was an older unit and the price to repair this intermittent problem would be high, 
Homer suggested upgrading to a new Ultramat analyzer.  On December 28, 2007 
Mike Segal (215-208-1628) was contacted to get a quote for a new analyzer.  The 
Ultramat 22P was obsolete and the Ultramat 23 is the replacement.  The Ultramat 23 
is very similar to the Ultramat 22P.  The Ultramat 23 has an updated controller and 
display.  Also, the Ultramat 23 has the ability to monitor oxygen.  The CO and CO2 
were monitored utilizing a non-dispersive infrared detector and the oxygen was 
monitored using an electrochemical cell.  It was decided that the ability to monitor 
oxygen throughout the low and intermediate temperature regime would be helpful to 
aid in the mechanistic analysis of the production of oxygenated species.  The ability 
to know how much oxygen was being consumed was essential to acquiring an oxygen 
balance for each experiment. The Ultramat 23 (Siemens Energy & Automation, Inc., 
7MB2337-8AJ10-5CM1, $10,135.00) was installed on April 11, 2008.  The hardware 
had to be rewired including the O2 channel.  The SUB-D 37F connector was wired as 
in Table D.1.   
 
 
Table D.1: Wiring pin assignment for Ultramat 23 SUB-D 37F connector. 
 
Component Output P Pin # & Color Output N Pin # & Color
IR Component 1: CO 18 Blue 37 Black 
IR Component 2: CO2 17 Orange 36 Red 
Component 4: O2 15 White 34 Green 
 
 
 
Once the SUB-D 37F connector was wired, the outputs (all set to 0-20 mA) had to be 
connected to the National Instruments SC-2345 signal conditioner via the SCC-CI20 
current to voltage converters.  The CO and CO2 was wired as it was previously with 
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CO being assigned to channel 0 and CO2 assigned to channel 8.  Channel 9 was 
unused and this is where the new O2 channel was installed.  The ranges for each of 
the channels are adjustable and information about the adjustment procedure can be 
found in the operating manual.  The ranges are currently set to 0-5000 ppm for CO, 
0-5% (0-50,000 ppm) for CO2, and 0-25% (0-250,000 ppm) for O2.  Uncertainties are 
±25 ppm for CO and CO2, and ±1250 ppm for O2.  Since the Ultramat 22P is a 2 
channel analyzer (CO and CO2), and the Ultramat 23 is a 3 channel analyzer (CO, 
CO2, and O2), the front panel and back panel of the LabView code had to be updated 
to accept the additional input for O2. 
 The VI named PFR_O2_Read_msk1.vi, Figs. D.1 and D.2, was created to 
read the current output from analog channel 1.  The VI was programmed to monitor 
the amount of O2 in current and then convert the current to parts per million (ppm).  
Figure D.1 shows the front panel in LabVIEW.  The front panel displays the current 
and O2 concentration.  Figure D.2 shows the block diagram (back panel) of the VI.  
The current is converted to ppm by following the program in the back panel.  
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Figure D.1: Updated front panel of LabVIEW programmed to monitor O2. 
 
 
 
 
 
Figure D.2: Updated back panel of LabVIEW programmed to monitor O2. 
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The VI named PFR_AI_Reader_msk1.vi, Figs. D.3 and D.4, is used to read the 
voltages from the Porter mass flow controller, Ultramat 23 gas analyzer, sample 
probe temperature thermocouple, sample line temperature thermocouples, and the 
flow reactor pressure transducer.  The O2 channel was added to this VI for oxygen 
measurement.     
 
 
 
Figure D.3: Updated front panel of the VI that monitors flow controllers, CO, 
CO2, O2, thermocouples, and the pressure transducer. 
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Figure D.4: Updated back panel of the VI that monitors flow controllers, CO, 
CO2, O2, thermocouples, and the pressure transducer. 
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The VI named PFR_Display_Update_msk1.vi, Fig. D.5, is used to update the flow 
controller measurements, pressure of the reactor and nozzle, CO, CO2, and O2, the 
total hydrocarbon analyzer status, probe position and temperature, fuel syringe pump 
volume and pressure, and sample line temperatures. 
 
 
 
Figure D.5: Updated front panel of the display update VI. 
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The VI named PFR_Auto_Control_msk1.vi, Figs. D.6 and D.7, is the main VI that is 
used to control the pressurized flow reactor.  Several upgrades were made, in addition 
to adding O2 monitoring capabilities, to allow the display to be easier viewed.  In the 
old design, poor color choices and small text was inadequate to quickly look at the 
computer screen to monitor an experiment.  Therefore, a new color scheme was 
chosen and important measurements such as probe position and temperature, fuel 
pump pressure and pump volume, and the reactor pressure, were increased in text 
size.  The combination of the two upgrades allows for a quick view at the computer 
screen to monitor the conditions of the flow reactor.  Figures D.8-D.11 shows 
miscellaneous updated front and back panels of the LabView program.  
 
 
 
Figure D.6: Updated front panel of the main PFR auto control VI. 
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Figure D.7: Updated back panel of the main PFR auto control VI. 
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Figure D.8: Updated front panel of the data record VI. 
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Figure D.9: Updated back panel of the data record VI. 
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Figure D.10: Updated front panel of the datalogger VI. 
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Figure D.11: Updated back panel of the datalogger VI. 
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D.2 Replacement and Upgrade of the Sample Probe Water Circulation 
Temperature Control System 
 A circulating water temperature control system (Mokon Pacesetter, Model 
KV2H08-01, Serial # 27131) was used to control the temperature of the sample probe 
at a constant 353 K.  Rapid quenching of the sample was achieved to prevent 
additional chemical reactions to take place. On several occasions during pressurized 
flow reactor controlled cool down experiments the Mokon Pacesetter would leak 
water out of the main shaft on the circulating pump.  The Mokon Pacesetter was 
allowed to heat up to the desired temperature and the leak would go away.  However, 
the problem became more persistent and it was decided that the Mokon Pacesetter 
had to be updated.  Mokon (716-876-9951) was contacted and they suggested to 
replace the Mokon Pacesetter, since it was outdated, with a Mokon Duratherm HTP 
(Model: DB2009AA, Serial #7004767, $2730.00) water temperature control system.  
The Mokon Duratherm HTP water temperature control system was installed and the 
proportional-integral-derivative (PID) controller was autotuned for 300 K on July 3, 
2008.  The advantages of the new water system are the ability to pump 25 GPM and 
up to 60 psi, improvement in temperature control with a 1/16 din microprocessor 
based PID controller, an automatic air purge sequence at start up, and an increase in 
operating temperature of up to 422 K.  The Mokon Duratherm HTP runs quieter and 
provides a greater control of stabilizing the temperature of the borosilicate glass lined 
sample probe. 
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D.3 PFR and GC/MS/FID Computer Monitor Upgrade and PFR Computer 
RAM Upgrade 
 Since space is limited around the pressurized flow reactor and GC/MS/FID 
area, it was decided that upgrading the existing CRT monitors for both the PFR Dell 
Optiplex 170L and the GC/FID/MS Dell Optiplex GX260 towers was a necessity.  
Dell model S199W 19” widescreen LCD monitor (Staples, 729342, $129.99) was 
chosen for its economical price and relatively small size.  Adding the new LCD 
monitor to the PFR computer also allows the user to view the screen from a farther 
distance, while monitoring the flow reactor during an experiment. 
 The PFR computer was used extensively with LabView and other programs 
running at the same time.  The Dell Optiplex 170L would occasionally slow down to 
the point that the programs would not run.  After inspection, the computer had two 
128 MB DDR-333MHz-CL2.5 sticks of RAM.  More RAM was necessary to keep 
the computer running efficiently.  The maximum amount of RAM for this model of 
computer is 2 GB.  Therefore, two Kingston 1GB DDR-333MHz-PC2700 (Best Buy, 
6852499, $69.99) sticks of RAM were installed on March 30, 2009.  After the RAM 
upgrade, the PFR computer runs smoothly and efficiently. 
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D.4 Maintenance and Replacement of Parts for the Trace DSQ Mass 
Spectrometer and Trace GC Gas Chromatograph 
 The Trace DSQ mass spectrometer and Trace GC gas chromatograph were 
used extensively throughout this research.  Both required the normal maintenance 
procedure which can be found in the service and operating manual for each of the 
units.  The following is maintenance procedures and replacement of parts for both 
systems that had to be performed during the course of this research.     
 The normal maintenance procedure for the gas chromatograph is to clean the 
flame ionization detector, specifically the collecting electrode.  The collecting 
electrode will have a black discoloration if dirty.  The procedure for cleaning can be 
found in the service and operating manual from Thermo Fischer Scientific.  The 
normal cleaning procedure was performed routinely.  In addition to cleaning the FID, 
the collecting electrode (Thermo Fisher Scientific, 25901115, $123.10) and the jet 
(40404301, $82.40) were replaced on January 10, 2007.  The two parts were replaced 
due to the normal replacement interval.  Throughout the course of this research, 
several ferrules had to be replaced for the column inside the GC oven.  The ferrules 
would deteriorate over time from the repeated temperature programming profile 
going from -20 °C to 220 °C.  The ferrules were replaced when a significant amount 
of CO2 was detected by the mass spectrometer.  As an example shown in Fig. D.12, 
CO2 is detected between the elution times of about 9 to 14 minutes.  This behavior 
indicates the ferrules are not sealing completely at low temperatures. 
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Figure D.12: MS chromatogram indicating high levels of CO2 between the 
elution times of 9 to 14 minutes. 
 
 
 
The normal maintenance procedure for the mass spectrometer includes cleaning the 
ion source assembly, lenses, pre-filter, conversion dynode, and dynode feed-through.  
However, on May 31, 2007, an Autotune was performed for the mass spectrometer 
and an error was present.  The error was “Cannot perform RF frequency calibration” 
as shown in Fig. D.13.   
 
 
 192
 
 
Figure D.13: Autotune screenshot “Cannot perform RF frequency calibration”. 
 
 
 
Initially, the quadrupole connections and the power module fuses were checked for 
any form of damage.  No form of damage was present.  After an extensive 
investigation and help from Thermo Fisher technical support, Gary Regier, 
gary.regier@thermofisher.com, the problem was linked to a damaged cooling fan on 
the back side of the mass spectrometer.  The spectrometer has two cooling fans that 
cool the electrical circuits inside the unit.  Both fans were replaced with JMC model 
(JMC, 12-38-12HFV, $16.00) cooling fans on June 6, 2007.  After the fans were 
replaced the problem was still present.  After further diagnosing and help from 
technical support, the problem appeared to be a power supply issue, as shown in Fig. 
D.14.   
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Figure D.14: Rod DC and power supply screenshot indicating failed tests. 
 
 
 
 Figure D.15 shows the results after running a diagnostic power supply test in 
Autotune.  The voltage supply tests for +18V, +28V, +36V, +550V, and -550V 
failed.  The first stage of correcting this problem was to replace the 36V power supply 
assembly.  The 36V power supply assembly (Thermo Fisher Scientific, 76330-0226, 
$758.00) was replaced on July 9, 2007.  Once the power supply was replaced, a 
diagnostic test was performed, and the problem was still present.  It was determined 
after another round of extensive diagnosing that the RF generator was at fault.  The 
RF generator (Thermo Fisher Scientific, 119590-0060, $1576.00) was replaced on 
July 17, 2007.  The RF generator was the source of the problem for the failed power 
supply tests and the RF frequency calibration failure.  Since there was a short in the 
RF generator, the old 36V power supply was severely stressed and it was determined 
necessary to replace the unit.  Once the RF generator was replaced all the power 
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supply tests passed.  However, the mass spectrometer was not functional.  While 
performing an Autotune of the system, another error was present.  “Cannot perform 
detector gain” was present.  The ion volume was replaced and the pre-filter, 
conversion dynode, and dynode feed-through were cleaned.  After the cleaning, the 
error was still present.  It was determined that the way Autotune was trying to tune 
the mass spectrometer, was incorrect.  The detector had to be tuned before trying to 
tune the RF frequency calibration.  Once this method was performed, the mass 
spectrometer was fully operational. 
 
 
 
 
Figure D.15: Power supply test screenshot indicating passed and failed supply 
voltages. 
 
 
 195
 The FID was also experiencing random noise as shown in Fig. D.16.  The 
signal would go to zero or go to a value higher than the baseline of about 2.0 pA, 
while no sample is present.  Initially, this problem was not a major concern since it 
was intermittent.  However, on March 26, 2008, the problem became more severe and 
the FID would not appear to light.  A test was performed to see if the FID was 
igniting and staying lit.  The test consisted of setting the ignition threshold to 0.0, 
igniting the FID, and placing a cold metal wrench above the vent holes for the FID.  
Condensation was forming on the cold metal surface of the wrench, from the H2O 
being produced from the H2 flame, indicating that the FID flame was present.  
However, even though the flame was lit, the signal from the FID was not stable and 
was randomly changing.  Once this was observed, Thermo technical support was 
contacted and they suggested replacing the FID electrometer and the complete FID 
cell.  The FID kit (19050104, $1772.63) included the cell, printed circuit board for the 
electrometer, and a standard outfit.  The FID cell and electrometer were replaced on 
March 31, 2008.  While waiting for the parts to arrive, a clicking sound was being 
emitted from the backside of the GC near the main power switch.  This clicking 
sound was coming from a relay that controls the fan to the GC oven.  It was also 
noted that the keypad display on the front of the GC oven was slow to respond to an 
input.  Once the parts arrived and were replaced, the problem was still present.  
Several tries at identifying the problem with technical support were attempted.  The 
final solution from technical support was to have a field service technician come out 
and diagnose the problem.  A call was made to Thermo Fisher, 1-800-532-4752, and 
arrangements were made to have a field service technician come out and fix the 
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problem.  On April 17, 2008, Dennis Beauchamp, came to fix the problem.  Initially, 
the GC was thought to have a faulty power supply, but after an inspection it was 
determined that the printed circuit board assembly for the CPU was faulty.  The CPU 
board was replaced with a new unit (23648345, $1168.02).  Once the CPU was 
replaced, the FID signal was stable.  The GC was assembled back to operating 
conditions and a calibration standard was injected to evaluate the system.  After the 
evaluation run, it was determined that everything was ok with the system and the GC 
was fully functional.           
 
 
 
 
Figure D.16: FID chromatogram indicating a noisy FID signal channel 1. 
 
 
 
 Depending on the samples being analyzed, the mass spectrometer and gas 
chromatograph would only require the normal cleaning procedure every few months.  
If heavier molecular weight hydrocarbons were to be analyzed, the cleaning 
procedure would need to be performed more often.  Contamination on the ion volume 
and the FID collecting electrode was visually identifiable as a black discoloration of 
the metal. 
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D.5 3 kW Heater Tube Sealing Arrangement Replacement and Maximum 
Temperature Test of PFR 
 It was decided to test the maximum heating capability of the PFR since the 
10 kW heater was replaced and the 3 kW heater was operating at is optimum 
performance (Kurman, 2009).  On November 7, 2007, the flow reactor was heated 
using the normal heating procedure.  However, instead of stopping at 800 K, the 
heaters were increased to their maximum operating temperature.  Increasing the 
temperature of the PFR above 800 K will allow for the possibility of capturing the 
start of second-stage ignition.  With the heaters set to their maximum, as shown in 
Table D.2, the sample probe thermocouple temperature was at 880 K.  The heater 
system probably would easily increase the sample probe temperature past 900 K, but 
during the heating process a sealing assembly failed.  The sealing assemblies are used 
as an electrical feed-through for the 3 kW heater.  Details of the heater assembly have 
been discussed (Bhat, 1998; Kurman, 2009).  Once the failure occurred, the 
maximum temperature test was stopped.  The cause of failure was the 3/4” diameter 
Teflon-PFA tube on the sealing arrangement.  The tube failed due to the excessive 
amount of heat that was transferred to it from the 3 kW heater. 
 
 
Table D.2: Heater set-points used to obtain a PFR operating temperature of 
880 K. 
 
Heater Set-Points 
10 kW 427 °C
3 kW 70 % 
Inlet Bead 710 °C
Test Bead 680 °C
Outlet Bead 575 °C
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After the tube failed, all of the sealing arrangements were inspected for any signs of 
stress.  Two of the eight sealing arrangements had to be replaced.  During this time, it 
was necessary to get the PFR back to operational status as soon as possible.  
Therefore, a new design was not implemented and the previous method of using 
Teflon-PFA tube was used.  The previous design utilizes a 3/4” diameter Teflon-PFA 
tube with 1/2" diameter Rescor-94 tube inserted into it.  The Rescor-94 material acts 
as an electrical insulator and is very fragile.  Once the Teflon-PFA tube melted, the 
Rescor-94 tube was easily destroyed by the pressure of the flow reactor.  The 
Rescor-94 tube had to be manufactured from a bulk material Rescor-94 rod.  Utilizing 
a lathe in the machine shop, the rod was turned to the appropriate diameter to fit 
inside the Teflon-PFA tube, and the center of the Rescor-94 rod was drilled.  The 
tubes and Swagelok connections were then assembled back to the original design of 
the sealing arrangement.  For future high temperature work, it is recommended that 
this current design is updated with material other than Teflon-PFA tube.  The material 
needs to be able to withstand the pressure and temperature of the PFR system.  In 
addition, if the 3 kW heater system seems to be inefficient at heating, it is 
recommended that the copper electrode connections be checked and cleaned if 
necessary, and the resistance through each heater element be tested as well.  More 
information about the cleaning procedure can be found elsewhere (Kurman, 2009). 
 
 
D.6 Replacement of the Setra Model 760 Pressure Transducer on the 
Vaporization Chamber 
 The Setra, Model 760, high-resolution, low-pressure, pressure transducer is 
very sensitive to pressure changes.  Care needs to be taken into consideration while 
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pressurizing the vaporization chamber with nitrogen.  The pressure transducer 
developed a leak and a new identical pressure transducer had to be installed.  In 
addition, if a small leak is discovered, which can be detected by the sensitivity of the 
Setra Model 760 pressure transducer, the first item to check is the septum.  The 
quality of the seal from the septum would deteriorate after 7-8 injections and a new 
septum would need to be installed.   
 On February 13, 2008, the vaporization chamber was being heated for an 
experiment.  During the heating process, it was noted that the temperature of the 
chamber was dropping.  The temperature drop was caused by the bead heater failing.  
Ultimately, the failure of the bead heater was caused by the failure of the Variac that 
was being used to supply voltage.  The vaporization chamber had to be disassembled 
to replace the bead heater.  The disassembling process consisted of removing the 
insulation around the chamber and removing the bead heater element.  Once 
disassembled, a new bead heater (Omegalux FGH 101-080, $104.00) was wrapped 
around the chamber and the Variac was replaced.  In addition to the bead heater, a 
new Type-K thermocouple (CAIN-116G-60-RP, $28.20) was installed.  The chamber 
was then wrapped with new insulation and insulation tape. 
 
 
D.7 ISCO High Pressure Syringe Pump Test 
 The fuel delivery system which consists of the ISCO 500D high pressure 
syringe pump performed flawlessly throughout the course of this research.  However, 
during some of the reproducibility experiments, there was an inconsistency in initial 
fuel concentration.  It was decided that the syringe pump could be at fault.  An 
experiment was conducted to test the accuracy of the output of the syringe pump.  
 200
The test consisted of setting the fuel flow rate to 1.20 mL/min and letting the syringe 
pump run for 5 minutes.  The timing was achieved by utilizing a stopwatch.  While 
the syringe pump was operating, the fuel that was being pumped out of the syringe 
pump was collected in a 10 mL graduated cylinder.  The amount of fuel that was 
collected was 6.3 mL.  To achieve 6.3 mL, a flow rate of 1.26 mL/min would be 
needed.  The difference in the actual flow rate of 1.20 mL/min, compared to the 
theoretical flow rate of 1.26 mL/min, was not alarming.  The small difference was 
attributed to error in the time measurement and/or the volume measurement.  
Therefore, the ISCO 500D syringe pump was operating correctly and further tests 
revealed that the inconsistency was due to the PFR sample storage system, as 
described in more detail in Chapter 6. 
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